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ABSTRACT

Conducting polymers and their application as electrodes in electrochromics has been
widely studied because of their high contrast, low power consumption and ease of
processability as compared with inorganic metal oxides. Another component of an
electrochromic device is the electrolyte. Organic electrolytes are widely used in
electrochromic devices but have limitations such as volatility, flammability and
leakage. Therefore, one of the aims of this thesis was to develop polymer electrolytes
that afford comparable conductivity to organic electrolytes without the drawbacks
mentioned above. The following polymer electrolytes containing polyethylene oxide
(PEO), with molecular weight (2,000, 10,000 and 20,000), salt lithium perchlorate
(LiClO4),

lithium

bis(trifluoromethanesulfonyl)imide(LiTFSI),

and

plasticiser

ethylene carbonate/propylene carbonate (EC/PC), ionic liquid were successfully
developed. The conductivity of these electrolytes were found to be in the range of 103

to 10-5 S/cm with average photopic transparency between 89% -90%.

In this thesis dual polymer electrochromic devices were prepared using poly (3,4ethylenedioxythiophene) (PEDOT) and polypyrrole (PPy) using vapour phase
polymerisation which have a number of advantages including ease of processing,
uniform coating over large surface areas and negligible monomer wastage. The
contrast of the PEDOT/PPy device was found to be 43% at the applied potential of ±
1500 mV and 32% at the applied potential of ± 1000 mV. The assembled devices
were tested for long term stability using ionic liquid as well as polymer electrolytes.
The contrast of the PEDOT/PPy device degraded from 43% to 36% over a period of
15,000 cycles when switched between ±1500 mV. PEDOT/PPy devices were found
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to be quite stable with photopic contrast of 32% over extended periods of cycling
(50,000) when cycled in between appropriate potentials of ±1000 mV.
Device failure or degradation of photopic contrast of the electrochromic device on
long term cycling is a commonly observed phenomenon in dual polymer devices.
Various techniques such as Impedance, Raman and FTIR were used to study the
possible reasons for device failure and aid in the development of ways by which
device degradation could be minimised or eliminated.
Degradation of the PEDOT/PPy device was minimised by running at low applied
potentials, but there was a loss in contrast in the dual polymer electrochromic device.
Alternate electrochromes were investigated in an attempt to improve the device
contrast range. Replacing the cathodically colouring polymer from PEDOT to
poly(3,4-propylenedioxythiophene) (ProDOT)gave a higher contrast as compared
with PEDOT on a single electrode basis. A dual polymer electrochromic device
assembled using ProDOT/PPy, when operated at lower potentials of ± 1000 mV,
gave contrasts between 39% - 42%. These contrasts were similar to that of a
PEDOT/PPy device operated at higher applied potentials of ± 1500 mV. The lower
operating applied potentials utilised in the ProDOT/PPy devices resulted in enhanced
cycle life of the device. However, it was observed that the contrast of the dual
polymer electrochromic devices was limited by the anodically colouring polymer.
This finding implied that even if the cathodically colouring polymer gave a high
value of contrast as an individual electrode, it does not mean that there would be an
increase in contrast for the device.
The PEDOT/PPy device at high applied potential of ±1500 mV gave contrast of
42%, but at low applied potential of ±1000 mV the device gave contrast of 32%. I

v

have tried to match the anion dopant in the conducting polymer with the anion
dopant in the electrolyte to study the effect of contrast at low potential. Interestingly,
it resulted in the contrast of the PEDOT/PPy device being increased to 42% at ±
1000 mV as compared to 32% at ± 1000 mV, suggesting that anion matching is
important for achieving better contrast.
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1 GENERAL INTRODUCTION

1.1

Conducting polymers

Conducting polymer polyacetylene was discovered in 1977 by Heeger, MacDiarmid
and Shirakawa[1]. It took twenty years for the conjugated polymer to reach metallic-like
electrical conductivity upon doping. The first definitive report of polyaniline synthesis

can be found back in 1862 when H. Letheby first synthesized polyaniline (PAni).
This material was formed under mild oxidative conditions and was used in the
printing industry[2]. The main purpose of the conducting polymer was to replace
metals like aluminium and copper in weight sensitive applications. Since
polyacetylene shows a remarkable conductivity in the doped state, the lack of
stability of this conducting polymer was the main concern. To overcome this,
investigations into the synthesis of other conducting polymers gained attention from
various synthetic chemists in the early 1980’s. Several types of conducting polymers
such as poly(thiophene) (PTh)[3], poly(furan) (PF)[4], poly(pyrrole) (PPy)[5],
poly(3,4-ethylenedioxythiophene)(PEDOT)[6] , poly(p-phenylene) (PPP)[7],poly(pphenylene vinylene) (PPV)[8], poly(fluorene)[9], poly(aniline) (PANI)[10], and
poly(carbazole) (PCz)[11] were synthesized and extensively investigated as
alternatives. While none of these polymers gave conductivities similar to those of
polyacetylene, they did exhibit properties like electrochromism, photoluminescence,
volume change during doping and dedoping, and charge storage that were of great
interest; in addition to their stability in the p-doped state [12] .
Conducting polymers have delocalised electrons along their backbone enabling
charge conduction. Through modifying the structure of these conducting polymers,
the properties of the conducting polymers can be tuned and have wide applications
such as in energy storage[13], displays/ electrochromics[14-17], sensors[18], drug
release[19], artificial muscles[20, 21], corrosion inhibitors[21], light emitting
diodes[22], information storage[23] etc. Recent developments in conducting
polymers include their good environmental and long term stability, and replacement
of metals and semiconductors in the electrical and electronics industry. The main
disadvantages of conducting polymers are that they are insoluble and have poor
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mechanical and physical properties that restrict their processability and applications.
Synthesis of substituted derivatives, composites, graft blocks, have been shown to be
effective in overcoming these problems [24-27].

1.2

Band theory

Band theory is most widely used to understand electrical conduction. When two
identical atoms, each having the half filled orbitals are brought together, the two
orbitals interact to produce two new orbitals, one with lower energy and one with
higher energy. The magnitude of this energy difference is determined by the extent
of orbital overlap. Generally the two electrons go into the lower-energy orbital. The
(filled) lower energy orbital is the bonding orbital and the (unfilled) higher energy
orbital is the antibonding orbital. The difference between the highest of the low
energy orbitals (HOMO) and the lowest of the high energy orbital (LUMO) is called
the band gap (Eg). In other words, Eg is the energy difference between the valence
and the conduction bands. Valence band (VB) in an atom is defined as highest range
of electron energies in which electrons are normally present at absolute-zero
temperature. Conduction band (CB) in an atom is the defined as the range of electron
energies enough to free an electron from binding with its atom to move free within
the lattice as a delocalised electron. In metals, the conduction band (CB) has no
energy gap (Eg) separating from valency band (VB). This means that are freely
available for conduction. On the other hand, insulators have very large band gap, and
hence thermal excitation of the carriers is not possible. In the case of semiconductors the magnitude of the gap is such that electrons may be thermally excited
across, putting the electrons in the upper empty band and the holes in the lower band
which can also conduct as shown in Figure 1-1.
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Figure 1-1 : Band structure of Metal, Semiconductor, Insulator

In case of conducting polymers, trans polyacetylene (PAc) provides an excellent
example of the formation of the energy bands[28]. In the simple structure of –(CH)xcarbon contributes a single pz electron to the π band (HOMO). As a result, this band
would be half filled, leading to a one-dimensional metal-like conduction along a neutral
PAc chain. The increase in the π orbital overlap as the length of the PAc chain increases
is shown in Figure 1-2B. However, experimental studies show that neutral PAc is a
semiconductor with a band gap of 1.4-1.5 eV. In the case of trans-PAc, the doubly
degenerate ground state is unstable, and undergoes Peierls distortion [29] (equivalent to
Jahn-Teller effect), resulting in an alternation of bond lengths along the backbone
Figure 1-2C. Further, this process leads to a splitting of the π band into an empty
conduction band and a fully occupied valence band, thus rendering PAc semiconducting.
The band structure of the conjugated polymer, from monomer to polymer, is shown in
Figure 1-2A. In the case of polyaromatic compounds, the band gap is determined by
factors such as bond length alteration, planarity of the monomer unit, aromatic resonance
energy of the monomer, donor acceptor effects of an eventual substitution, and the extent
of interchain coupling[30]. Any alteration of any of the above features results in a
change in the polymers band gap and subsequently the PAc conductivity.
.
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Figure 1-2 : Evaluation of the band gap of polyAc: (A) representation of molecular
energy levels with increasing chain length, (B) uniform C-C bond, (C) degenerate
state of PAc[31].

1.3

Band gap energy in aromatic conducting polymers

As described above, conducting polymers possess two distinct energy levels; the
lowest energy level containing the highest occupied molecular orbitals (HOMO)
called the valence band (VB), and the other containing the lowest occupied
molecular orbitals (LUMO) which is called the conduction band (CB). The energy
difference between these two bands is called the band gap (Eg). The band gap of the
conducting polymer can be determined from the onset π – π* transition of the UV
spectra. In the neutral form, a conducting polymer behaves like a semiconductor but
on oxidation i.e. (p-doping) or reduction (n-doping) there is an interband transition
and as a result the band gap between the VB and CB is decreased resulting in the
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formation of charge carriers along the polymer back bone. Polyacetylene is unique,
as the resonance form of the neutral polymer degenerates leading to formation of
solitons or a single solitary “wave” or energy band mid-state between the HOMOLUMO on oxidation. The scenario for aromatic polymers is quite different as they do
not have non-degenerate ground states as illustrated in Figure 1-3a. Oxidation, i.e.
removal of the pi electron, results in the formation of a cation or polaron. Due to the
non-degeneracy of the resonance forms of these types of conducting polymers the
HOMO and LUMO are shifted to form two mid-state energy levels.

In both

situations the charge carrier (polaron) is stabilised and mobile as a consequence of
the long range chain conjugation within the polymer. This charge is normally
balanced by the counter ion and this is typically referred to as a dopant anion (Figure
1-3b). The dopant is usually incorporated during the synthesis and is usually small
and mobile. On further oxidation of the polymer, it results in the formation of
dications or bipolaron (Figure 1-3b). These radical cations are responsible for the
conduction by conducting polymers which is the most widely accepted
mechanism[32] as shown in Fig 1-3.
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Figure 1-3 : Band theory of a conducting polymer (a), structural changes associated
with oxidation resulting in the formation of polaron and bipolaron (b).

1.4

Creation of charge carriers through polymer doping

In neutral form, a conjugated polymer can be p-doped or n-doped through oxidation
or reduction processes, respectively. Oxidative doping is most commonly used in
conducting polymers, since unstable alkaline metals such as Li, Na and K, have to be
used in the reductive doping process, and consequently these materials require an
inert environment. In oxidative doping, an electron is removed from the HOMO
energy level from the polymer chain and it becomes positively charged (which is
stabilised using an anion), and such charges are able to create electric current by
migration in the polymer film. The opposite occurs during n-doping or reductive
doping when an electron is added to LUMO energy level of the polymer chain
instead of being removed from the HOMO energy level.
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In the doped form, conjugated polymers can reach conductivity values that are
approaching those of true metals. The reversible “doping” of the conjugated polymer
between neutral and doped state in the polymer matrix causes significant changes in
the optical, electrical, morphological and ionic properties, which can be
accomplished by chemical or by electrochemical doping[33, 34]. Several properties
of the conducting polymer that are changed when the polymer is reversibly switched
between its oxidised (doped) and reduced (neutral or undoped) states is summarised
in Table 1-1.
Table 1-1: Various properties of conducting polymers on doping and dedoping
(adapted from [35]).

Property

Neutral

Doped

Ionic conductivity

Lower

Higher

Electronic conductivity

Semiconducting

Metallic

Surface tension

Hydrophobic

Hydrophilic

Colour Cathodically

Transparent

Dark

Anodically

Dark

Transparent

Volume

Small

Larger

1.5

Applications

As conducting polymers can be doped and de-doped, these unique properties afford
conducting polymers a wide range of applications, such as antistatic material
coatings, corrosion protection, and LEDs as well as the dynamic applications of
smart windows and actuators. More details on these applications are given below.
.
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1.5.1 Energy technology applications

The ability of conducting polymers to be charged and discharged via its doping and
dedoping processes has raised interest in the area of rechargeable batteries[12]. The
operation of the batteries occurs together with the interchange of ions between the
electrolyte and the devices anode and cathode electrodes. The direction of migration
of ions depends on the electrode (cathode, anode) and the process (charge,
discharge). In general they must be either conductiveor porous in order to allow the
interchange of the anions, and, if possible, to have a high charge density withlow
weight. Graphite and other carbonaceous materials are the most usual anodes. As
cathodes, two families of materials are mainly used: metal oxides and conducting
polymers [36]. Polyacetylene, polyaniline, polythiophene or polypyrrole are some of
the polymers that able to conduct electrons and exchange ions, which are usually
used

as

anodes.

The

polymer

battery,

such

as

a

polypyrrole-

lithium cell operates by the oxidation and reduction of the polymer backbone. During
charging the polymer oxidizes and anions in the electrolyte enter the porous polymer
to balance the charge created. Simultaneously, lithium ions in the electrolyte are
electrodeposited at the lithium surface. During discharging, electrons are removed
from the lithium, causing lithium ions to re-enter the electrolyte and electrons to pass
through the load and into the oxidized polymer. The positive sites on the polymer are
reduced, releasing the charge-balancing anions back to the electrolyte. This process
can be repeated about as often as a typical secondary battery cell[37]. The invention
of the batteries which uses conducting polymer as a cathode and anode gives better
performance, light weight and also flexibility
The use of conducting polymers in super-capacitors gives high conductivity and high
discharge rates[38]. The fast discharge rate obtainable from capacitors means that
high power can be delivered in a short time. The redox chemistry of the polymer is
used in the same way as that of batteries. However the design of the device is such
that the conducting polymer is applied as a thin coating on a high-surface area
substrate. This design allows for very rapid charging and discharging of the polymer
so that capacitor-like performance is obtained. An all solid-state redox supercapacitor
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using polythiophene and polypyrrole with a solid polymer electrolyte has been
reported to have storage capacities of 18 F/g [38]. Capacitance of a capacitor is
measured in Farads. One Farad is defined as the capacitance of capacitor which can
hold 1 Coloumb of charge when a voltage of 1 volt is connected across it.

1.5.2 Photovoltaics

Photovoltaic devices using conducting polymers consist of a photosensitive polymer
such as poly(p-phenylene vinylene) (PPV), or its derivative, sandwiched between
two electrodes. One of the electrodes consists of conducting polymer coated ITO
coated glass and the other electrode is a low work function material such as
aluminium or calcium. Light when absorbed by the polymer creates an electron-hole
pair that dissociates at an appropriate interface to give charge separation and hence
the current[39].
Efficiencies of polymer based photovoltaics are very low as compared to silicon
semiconductor materials. However the main advantage of polymer based material
systems is that they can be manufactured cheaply, and can potentially be applied to
large areas, such as rooftops and exterior walls of buildings. The efficiency of the
polymer is being improved by chemical modification of the conducting polymer and
better design of the photovoltaic device[12].

1.5.3 Electroluminescent device

The basic setup of a polymer LED consists of ITO/conducting polymer/metal layers.
The configuration is opposite to that for a photovoltaic cell. When an electric field is
applied between the electrodes, an electron is injected into the polymer film from the
cathode (i.e. the metal layer) and a hole is injected in from the anode (i.e. the ITO).
The electron and the hole migrate towards the centre of the film, where they
recombine and produce light[8].The colour of the light emitted depends on the band
gap between the valence and conduction bands in the polymer. Appropriate
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derivation of the conducting polymers has produced LEDs that emit three primary
colors: red, blue and green.

1.5.4 Artificial Muscles (Electromechanical actuators)

Electromechanical actuators are materials that can change their physical dimension
when stimulated by an electrical signal. In the case of a conducting polymer, the
volume change occurs as a result of ion movement into and out of the polymer
during redox cycling. The change in the volume can be up to 3%. The incorporation
of the ions is brought about by electrical energy and is converted to mechanical
energy. The performance of conducting polymer actuators compare favourably with
natural muscles. The main advantage of using conducting polymers in actuators is
the low voltage operation between 1-5 V as compared to 100-200 V for piezoelectric
polymers. The first polymer actuator was developed by MacDiarmid et al. [40] and
considerable amount of work has also been done in applying PPy, PEDOT, PAni in
the field of actuators [41-43]

1.5.5 Electrochromism

Electrochromism is defined as the ability of a compound to change in absorbance,
reflection or transmission when the material is oxidised or reduced[12].
Electrochromism is similar to thermochromism where the colour change is due to the
presence of heat, and photochromism where the colour change is due to light[12].
Most practical device structures exhibit colour change between the clear transmissive
state to a darkened coloured state. At the same time there are materials that exhibit
multiple colour states called polyelectrochromism[44]. Electrochromic materials
have been of great interest to scientists for their spectrochemical properties and they
have significant potential in commercial applications like smart mirrors, windows,
displays etc[45]. For a device to be considered suitable for potential applications it
should have high contrast (i.e. the difference between the coloured and bleached
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state), rapid response time and should have good stability over a large number of
repeated redox cycles[46]
Some of the materials include transition metal oxides such as WO3[47], organic
molecules (e.g. Viologen)[48], and inorganic complexes (e.g. Prussian Blue)[49].
Conjugated polymers are another class of materials that have been studied for
electrochromic properties. An electrochromic material that changes colour upon
insertion of ion or intercalation is called cathodically colouring [45, 50, 51].
Conversely, electrochromes which change colour upon abstraction of the ions or deintercalation is referred to as an anodically colouring polymer [45, 50, 51].

1.5.5.1 Metal Oxides

Metal oxides are the most widely studied inorganic electrochromic materials. The
first metal oxide which exhibited electrochromism (WO3) was discovered by Deb in
1969[52]. WO3 films are transparent in colour when in the W(VI) oxidation state.
When the film is reduced to the W(V) oxidation state, it is dark blue in colour. The
reduction of the film is accompanied by the intake of the counter cation (H+ or Li+).
So lithium ion intercalation plays an important role in the functioning of these
devices. Here WO3 acts as a cathodically colouring electrochrome. Other metal
oxides which are included in this category are Ti, Nb, Mo, Ta. Metal oxides which
act as an anodically colouring electrochrome include Cr, Mn, Fe, Co, Ni, Rh, Ir, and
V+4. In some cases the anodically colouring electrochrome acts as a charge/ion
storage layer and does not contribute much to the colour change[53].
The mechanism of the colouration in the inorganic electrochromic device can be
represented as
•

WO3 + LiyV2O5
Dark grey

LizWO3 + Liy-xV2O5
Light blue

Electrochromic trioxide coatings have been produced by different deposition
techniques, including thermal evaporation in vacuum, electrochemical oxidation of
tungsten metal, chemical vapour deposition (CVD), sol gel method and by RF
sputtering [46].
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1.5.5.2 Prussian Blue (Inorganic system)

Typically, Prussian blue (PB) films are prepared through electrochemical reduction
of a solution containing iron(III) and hexaferrocyanoferrate(III) ions. The resultant
aqueous solution of Prussian brown (Iron(III) hexacyanoferrate(III)) is reduced,
where by Prussian blue(PB) (Iron(III) hexacyanoferrate(II)) is deposited in the form
of a blue film[54].

Electro-neutrality is maintained by the K+present in the

electrolyte.

[FeIIIFeIII(CN)6]0 + e-

[FeIIIFeII(CN)6]-

Prussian Brown

Prussian Blue

The complex PB has a negative charge. PB absorbance has a maximum at 690 nm.
Upon incremental oxidation, the absorbance at 690 nm gradually decreases and the
absorbance at 425 nm gradually increases; corresponding to [FeIIIFeIII(CN)6]0. The
combination of these two absorbances results in the second coloured state Prussian
green (PG), which is composed of Prussian blue and Prussian brown. Prussian green
has a fixed anion composition ([FeIII3{FeIII(CN)6}2{FeII(CN)6}]–). In contrast to the
incremental absorbance change found in Prussian blue to Prussian green, reduction
of

Prussian
II

II

blue

results

in

abrupt

colour

change

to

Prussian

white

2-

(PW)[Fe Fe (CN)6] as an optically transparent film.

[FeIIIFeII(CN)6]- + ePrussian blue

[FeIIFeII(CN)6]2Prussian white

Devices containing Prussian blue either as a sole electrochrome, or in conjunction
with other electrochromic materials such as WO3[55]or PEDOT[56], have been
reported for their application in electrochromic devices.
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1.5.5.3 Viologens (Organic System)

Diquaternisation of 4,4’-bipyridyl produces 1,1’-disubstituted 4,4’-bipyridylium
salts[57] commonly known as viologens as shown in Scheme 1.

Scheme 1

Of the three common viologen redox states, the dication is the most stable and is
colourless. Reductive electron transfer to viologen dications forms coloured radical
cations, the stability of which is attributable to the delocalisation of the radical
electron throughout the π-framework of the bipyridyl nucleus, the 1 and 1’
substituents commonly bearing some of the charge. The colour exhibited by the
radical cations can be tuned to a certain degree by substituting the nitrogen by
various alkyl and aryl groups. The intensity of the colour exhibited by di-reduced
viologen is low since no optical charge transfer or internal transition corresponding
to the visible wavelength is accessible.
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The same system is used in commercially produced Gentex Corporation mirrors
where the substituted viologen acts as a cathodic colouring material and phenylene
diamine as an anodically colouring material [46]. When the mirror is switched on,
the species will move by electrical migration to their respective electrodes and there
would be a colour change. After the dual electrochromic colouration process is
initiated the product will diffuse away from the electrodes and meet in the
intervening solution where mutual reaction regenerates the original uncoloured
species. Thus, for the electrochromic device to maintain constant coloration, an
application of a small voltage is required[45].

1.5.5.4 Conducting polymers

Conjugated polymers such as polythiophene, polyaniline, and polypyrrole have
gained in popularity due to their rapid response time, high optical contrast, and
ability to change their band gap through change in their structure [25, 49, 58-65].
Electrochromism in conducting polymers is fascinating as the absorption in the
visible region can be fine tuned through the chemistry. Most of the conjugated
polymers are in the form of thin films which can change colour and change in
absorption in the visible region. In the oxidised forms, conducting polymers are
doped with the counter anions and possess a delocalised π electron band structure.
The energy gap between the highest occupied π electron band (valence band) and the
lowest unoccupied band (the conduction band) determines the intrinsic optical
properties of the material[66]. The doping process introduces polarons which are the
major charge carriers. This results in the energy of the orbital being raised between
the valence band and conduction band. Reduction of the conducting polymers
(neutral state) with concurrent anion expulsion removes the electronic conjugation, to
give the undoped electrically insulating form. Conjugated polymers that are coloured
in the neutral form and bleached in the oxidised form are referred to as cathodically
colouring polymers. In contrast, conjugated polymers that are coloured in the
oxidised form and bleached in the neutral form are called anodically colouring
polymers. The main advantage of using conducting polymers is that a small
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modification to the monomer can significantly alter the spectral properties of the
materials, and so colour tuning is possible[67, 68].

1.5.5.5 Polyaniline

Polyaniline is the oldest form of conjugated polymers and sometimes referred to as
“aniline black”[2]. The electrical and electrochromic properties of polyaniline are
not only dependent on the oxidation states but also on the protonation state, and
hence the pH of the electrolyte. Both electrochemical and chemical routes can be
used

for

the

preparation

of

polyaniline.

The

polymer

film

exhibits

polyelectrochromism; switching from transparent, insulating leucoemeralidine state,
to a yellow/green, conducting emeraldine state, and finally to a blue/black
pernigraniline state as shown in Figure 1-5 [69].
While electropolymerisation is a suitable method for the preparation of relatively low
surface area electrochromic conducting polymer films, it is not suitable for
fabricating large-area coatings. Significant efforts therefore have gone into the
synthesis of soluble conducting polymers such as poly(o-methoxyaniline) which can
be deposited in the form of thin films by casting from solution. In a novel approach,
large area electrochromic coatings have been prepared by incorporating polyaniline
into polyacrylate-silica hybrid sol-gel networks using suspended particles or
solutions and then spray brushing onto ITO substrates. Silane functional groups on
the polyacrylate chain act as coupling and crosslinking agents to improve surface
adhesion and mechanical properties of the resulting composite coatings[70].
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Figure 1-4 : Redox pathways of different redox states of polyaniline[69]

1.5.5.6 Polythiophene

Polythiophene was first prepared in 1980 and can be synthesised through
electrochemical or chemical polymerisation[71, 72]. Electrochromic films of
polythiophene switch from dark blue (λmax = 730 nm) oxidised state to red (λmax =
430 nm) neutral state as shown in Figure 1-6. Even though polythiophene displays a
very attractive colour, it has poor processability. It is unstable at the potential
required for their formation. This means that the polymer degradation competes with
the polymer formation, leading to a high content of overoxidised, non-electroactive
material[73]. A successful strategy to control the properties of polythiophene
involves the modification of the monomer to obtain easily polymerisable and
processable species. This has led to the synthesis of various polythiophene
derivatives with varying interesting properties[65, 74].
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Figure 1-5 : Polythiophene in neutral and oxidised states.

Substitution of thiophene with various alkyl, alkoxy and aromatic chains in the 3, 4
positions results in polymers with enhanced solubility and a diverse set of optical and
electrical properties (Figure 1-7(a)). One of the derivatives is 3,4 ethylenedioxy
thiophene (PEDOT) (Figure 1-7(b)) which is an excellent candidate and it has
applications in electrochromics, capacitors, sensors, LED’s etc. This polymer is of
great interest academically and industrially because of its interesting properties. It
has a high conductivity (300-400 S/cm) and exhibits high electrochromic contrast,
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being almost transparent in the bleached state and dark blue in the coloured state [75,
76].

Figure 1-6 : Structure of 3,4 substituted thiophene (a), and 3,4 ethylenedioxy
thiophene (b).

Colour changes in polythiophene can be effected through structural modifications
which play a role in either increasing or decreasing the effective conjugation length
in the polymer. 3,4 alkyene dioxythiophenes having several ring sizes such as 7membered

3,4-propylenedioxythiophene

(ProDOT),

8

member

3,4-

butylenedioxythiophene (BuDOT) has gained special attention as the monomer can
be symmetrically derivatized at the central carbon of the propylene bridge, resulting
in a regiosymmetric polymer[14, 77].

1.5.5.7 Polypyrrole

Polypyrrole and its derivatives constitute another class of heterocyclic conducting
polymers. The first synthesis of PPy was reported in 1969[78]. The electrochromic
properties of polypyrrole are generally investigated using thin-film polypyrrole
prepared by electrochemical polymerisation of pyrrole from acetonitrile solution[5].
In the oxidised state PPy is blue violet (λmax =670nm) while in the neutral state it is
yellow/green (λmax=420nm) depending on the extent of doping. Removal of all the
dopant anions from polypyrrole yields a pale yellow film, however complete
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dedoping is only achieved if films are extremely thin (<1 micrometer) resulting in a
low contrast ratio[45]. Pyrrole can be substituted in the 3- and 4-positions, leading to
more regular conjugated polymers with an assortment of optical and electrical
properties[64].

1.6

Oxidative Polymerisation Techniques

1.6.1.1 Electrochemical polymerisation

Conducting polymers are generally prepared through electrochemical or chemical
polymerisation. Electrochemical polymerisation involves oxidation of the monomer
dissolved in a supporting electrolyte. On applying an external potential the monomer
forms a radical cation as shown in Figure 1-8a. After initial oxidation the radical
cation can couple with the neutral monomer, and after a second oxidation with the
loss of two protons it forms a neutral dimer[79]. The second route involves the
coupling of two radical cations followed by the loss of two protons to yield a neutral
dimer[80]. Then the neutral dimer is oxidised and the process is repeated until an
electroactive film is deposited on the conducting substrate as shown in Figure 1.8(b).
The deposited polymer is in the oxidised or p-type state which necessitates the
incorporation of a dopant anion into the polymer from the supporting electrolyte to
compensate the positive charge along the polymer backbone. The efficiency of the
polymerisation is dictated by the ease with which electrons can be lost and the
stability of the cation as shown in Figure 1-8(a). Electron rich monomers such as
thiophene and pyrrole can lose an electron easily to form extended conjugated
polymer chains which are able to stabilise the radical cation charge carrier through
forming resonance across the pi electron system referred to as the polaron and
bipolaron.
Electrochemical polymerisation is widely used for the production of small films.
However this approach has significant drawbacks as the technique is not practical for
use in larger scale applications. In order to overcome this limitation, chemical
polymerisation has gained popularity.
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Figure 1-7 : Resonance stabilised pyrrole (a), mechanism of electrochemical
polymerisation (b).

1.6.1.2 Chemical Polymerisation

Chemical polymerisation can be used to overcome the limitation of electrochemical
polymerisation which is more conducive to smaller surface areas.

Oxidative

polymerisation is accomplished by exposing the monomer to a stoichiometric
amount of oxidising agent, resulting in the formation of the doped polymer in the
conducting state[81]. The mechanism of the oxidative polymerisation is similar to
electrochemical polymerisation. Heterocyclic monomers such as thiophene and its
derivatives are typically polymerised in the presence of FeCl3 although other Lewis
acids can be used[82]. Isolation of the neutral polymer is achieved through exposing
material to hydrazine or ammonia as shown in Figure 1-9.
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Figure 1-8 : Mechanism of chemical polymerisation

The main advantage of chemical polymerisation is the easy scale-up and production
of large quantities of polymer. Unfortunately the main disadvantage is that it often
results in poor quality. As stated earlier, Lewis acid catalyzed polymerisations yield
the oxidized polymer, which is thought to be more rigid, resulting in its precipitation
from the polymerisation medium, limiting the degree of polymerisation[83]
Unsubstituted hetrocycles such as thiophene and pyrrole present a unique problem
for both chemical and electrochemical polymerisation as these can lead to several
side reactions resulting in coupling defects along the polymer backbone. It is
generally believed that oxidative coupling occurs at sites on the heterocyclic ring
where a high spin density resides for the radical cation. For example in thiophene and
pyrrole , the highest spin densities have been measured at the 2- and 5-positions, also
referred to as the αpositions[84, 85]. Significantly the 3- and 4-positions (referred to
as the β positions) have a measurable spin density, meaning that some coupling
reactions will occur at these positions. Various coupling events for the
electrochemical polymerisation are shown in Figure 1-10 where (X = S, O, NH).
Specific to this discussion, αβ and ββ coupling events are shown that result in
polymers with irregular backbones and poor electronic properties.
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Figure 1-9 : Potential coupling reactions during oxidative polymerisation.

Main chain imperfections such as these can be eliminated by “blocking” the 3- and4positions of the monomer by the attachment of various alkyl and alkoxy groups.
Substitution of thiophene with electron donating groups leads to a decrease in the
oxidation potential. For example in EDOT both the β positions are substituted so that
the polymerisation is only proceeded through the α position. In addition, several
other electronic properties are dramatically affected by the structural modifications;
including monomer oxidation potential, electronic band gap, and electrochromic
properties of the resultant polymers.

1.6.1.3 Vapour Phase Polymerisation

Another technique that is also applicable for large surface areas is named vapour
phase polymerisation. Vapour phase polymerisation is a modification to chemical
oxidative polymerisation. Chemical oxidation is performed by coating the surface
with a mixture of monomer and oxidant where the spontaneous reaction is
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suppressed in such a way that it will first occur after the mixture is spread on the
surface[86]. Often such a mixture has limited life time. More freedom in the design
can be achieved if the oxidant and the monomer are applied separately. One way to
achieve this is to apply the oxidant by a solvent coating method and subsequently
exposing the coating to monomer vapour. This process is called vapour phase
polymerisation (VPP)[86]. The method was originally described by Mohammadi et
al. [87] as chemical vapour deposition (CVD) using FeCl3 or H2O2 as oxidising
agent for the polymerisation of polypyrrole films. Bjorn et al. [86] carried out VPP
in which the oxidant enriched substrate is coated with Fe(III) tosylate and left to dry
on the hot plate. Exposing the treated substrate to monomer ethylene dioxythiophene
(EDOT) vapour leads to the formation of highly conductive film.

1.7

Electrolytes

For any of the devices such as batteries, photovoltaics, artificial muscles, and
electrochromic devices, there are three major components required for their
construction which are an anode, electrolyte and a cathode. The anode and cathode
should be physically and electronically separated from each other to avoid short
circuiting. The main properties of the electrolyte are that it should be ionically
conducting and electronically non-conducting.

Apart from having high ionic

conductivity an ideal electrolyte should be chemically and electrochemically stable,
be easy to process and have a low cost. Electrolytes can be basically divided into
three categories, and they are liquid, solid and composite. Each of the electrolytes
has its own advantages and disadvantages. Liquid type electrolytes mostly include
the solution of lLithium salts (LiX) in common aprotic solvents like ethylene
carbonate (EC)[88], propylene carbonate (PC)[89], dimethyl carbonate (DMC),
diethyl carbonate (DEC)[90], ethyl methyl carbonate[91], tetrahydrofuran (THF),
acetonitrile (ACN), etc. The common lithium salts include: lithium perchlorate
(LiClO4)[92], lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), lithium imide
(LiN(C2F5SO2)2)[93],

lithium trifate (LiCF3SO3), lithium tetrafluoroborate

(LiBF4)[94], lithium hexafluoroarsenate (LiAsF6)[95], lithium hexaflourophosphate
(LiPF6)[96]. The advantages of liquid electrolytes are that they offer high
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conductivity, and better contacts with the electrodes [96]. A drawback of liquid
electrolytes is that there is a possibility of leakage or spillage in the case of device
breakage. The use of these electrolytes typically requires an electrode separator
between the adjacent electrodes.
Polymer electrolytes are composed of a lithium salt dissolved in high molecular
weight polymer like PEO[97], PPO[96] which acts as a solid solvent. Copolymers
such as polyether, polysiloxane, polyphosphazene are used with Li salts[96, 98]. The
ionic conductivity in the polymer electrolyte is associated with the local
segmentation motion in the amorphous state. One of the interesting fields in solid
polymer electrolytes is the single ion conductor in which only the cation can be
mobile under an electric field and it does not suffer from the concentration
polarization caused by the accumulation of anions on the electrode [99]. This can be
achieved by using a very large anion salt dissolved in a polymer host or forming a
solid polymer electrolyte in which ionic charges are chemically bonded to the
polymer host backbone[100]. The main disadvantage of solid electrolytes is that
their conductivity is lower than that of the liquid electrolytes.
Composite polymer electrolytes consist of electrolytes which benefit from both the
solid electrolyte and the liquid electrolyte. The liquid used in the liquid type
electrolyte acts as a plasticiser and the polymer matrix. The plasticiser can be
ethylene carbonate (EC)[101], propylene carbonate (PC)[102], dimethyl carbonate
(DMC) and in some cases ionic liquid[103]. The main advantages of solid
electrolytes are that there is no need of a separator and there is no chance of leakage.
The main advantages of the composite polymer electrolyte are that it can have ionic
conductivity close to the liquid electrolytes along with good mechanical properties as
compared to the liquid electrolytes.
Addition of ceramic particles such as Al2O3[104], and SiO2[105, 106] enhances the
conductivity of the polymer electrolytes. The increase in conductivity through the
addition of the fillers can be attributed to an increase in the amorphous phase which
contributes to the conductivity. Increase in the content of fillers after certain level
lead to an decrease in conductivity. The reason for decrease in conductivity is due to
an increased glass transition temperature through the addition of fillers which in turn
suppresses polymer chain motion and thus the transport of lithium ion. [106].
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Recently it has been shown that ionic liquids are highly effective electrolytes with
wide electrochemical potential windows[107, 108]. This capability combined with
the environmental stability of IL has led to their use in photoelectrochemical
cells[109], capacitors[110], electromechanical actuators[111], and electrochromic
devices[112] based on conducting polymers. Ionic liquids are salts that are fluid over
a wide range, including room temperature, with higher viscosities (10-2 to 100 Pa.s)
than either aqueous (<10-3 Pa s) or organic (~ 6 x 10-3 Pa s) electrolytes at room
temperature. When compared with other electrolytes, some ionic liquids also have
the advantage that they can be obtained in a very dry state, making them especially
suitable for applications in electrochemical systems from which moisture must be
excluded over long periods of operation. Furthermore, some ionic liquid relatives are
plastic solids at room temperature but still maintained reasonable conductivity[113],
and others can be transformed into soft, elastomeric solids at room temperature by
addition of small amounts (~5%) of suitable polymer [114]. The main advantages of
ionic liquids as compared to the use of aqueous electrolytes include unique properties
such as high conductivity, low vapour pressure, wide electrochemical windows,
excellent thermal and chemical stability, negligible evaporation, and widely tuneable
solvent properties. Ionic liquids have received considerable attention as electrolytes
in various electrochemical devices [115].

1.7.1 Electrolytes in electrochromic devices.

The limited performance of the electrochromic device in the past was due to the fact
that these devices contain liquid electrolytes. Aqueous electrolytes are not good
candidates due to their narrow potential window that results in device
degradation[116]. Performance of the electrochromic devices has been improved by
using non-aqueous, aprotic electrolytes. However the device performance is affected
as there are chances of leakage of the electrolytes which affects the long term
stability. In addition, the liquid nature, volatility, flammability and toxicity of the
organic solvent hinder the use of common non-aqueous electrolytes in practical
commercial devices[117]. All solid-state electrochromic devices have been
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developed using polymer electrolytes with mixed lithium salts, but the switching
time was longer due to low polymeric ionic conductivity[117].
Reynolds and his co-workers[118] have used polymer electrolytes consisting of
PMMA and Li[N(CF3SO3)2]/LiClO4 plasticised with PC and ACN to form a highly
conductive gel. The cell was assembled by drop casting the electrolyte on the
conducting polymer electrode and placing the other electrode on the other side. ACN
in the electrolyte evaporates, leaving behind the PMMA/salt and PC. As the PMMA
becomes insoluble, it seals the outer edges of the device and produces selfencapsulation. The use of the electrolyte minimises further solvent evaporation and
prevents leakage. They observed that the devices lasted for 10,000 cycles with 20%
loss in contrast[118]. Tung et al. [119] have used PMMA gel based electrolyte for
the fabrication of a PEDOT/Prussian blue electrochromic device and the contrast of
the device dropped to 49% from 33% only after 300 cycles. PEO (Mw: 400,000) with
LiClO4 in PC was used as an electrolyte by Huang et al. [120] for a flexible
electrochromic device consisting of PEDOT:PSS and PANI:PSS as the conducting
polymers. Gelatin based polymer electrolyte containing glycerol as plasticiser was
used in an all solid-state inorganic electrochromic device and the device was found to
be stable for 25,000 cycles[121].
In recent years, ionic liquids or room temperature ionic liquids have been used for
the synthesis, fabrication and operation of conjugated polymer electrochemical
mechanical actuators, high performance electrochromic devices and numeric
displays. These devices have fast switching rates and have enhanced lifetimes[111].
Room

temperature

ionic

liquid

(RTIL)

1-butyl-3-methyl-imidazolium

hexafluorophosphate (BMIM(PF6)) has also been employed to fabricate a dual
polymer electrochromic device using conducting polymers[122]. It was observed
that by employing RTIL as an electrolyte, the device retained 65% of its optical
contrast and electroactivity for 5000 double potential steps, showing enhanced
stability and durability. The cause of the decrease in the contrast of the device has
not been reported in the paper. This indicates that ionic liquids could be potential
electrolytes for this type of application but there could still be a problem of leakage
due to the liquid nature of the ionic liquids.
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Modification to the polymer electrolyte was done by addition of ionic liquid by Kim
et al. [123] via the addition of ionic liquid. Electrolytes were made from high
molecular weight (PEO : Mw: 4 x 106) mixed with LiTFSI, IL and used in Li
batteries that showed an enhanced performance of the device. Brazier et al. [117] had
used PEO/LiTFSI/IL transparent solid electrolyte in an inorganic device consisting
of WO3 and V2O5 and the device withstood 2000 cycles with little change in the
optical contrast. In an inorganic electrochromic device, Li charged V2O5 acts as a
charge storage layer and there is shuttling of the Li ions between WO3 and V2O5
electrode making the device function. Cross-linked gel electrolytes containing
poly(ethylene glycol) based acrylate macromonomer, photoinitiator, and ionic liquid
which acts as a salt and plasticiser was used in a dual polymer electrochromic
device[103]. Here ionic liquid acts as the salt as well as plasticiser. The device
exhibited comparable switching speed, long life cycle and high optical contrast as
compared to ionic liquid; suggesting that it is a suitable replacement for pure ionic
liquid in electrochromic devices.
An ideal electrolyte for electrochromic devices should have reasonable conductivity,
maintain good contacts with the electrodes (i.e. high and homogenous surface area),
and enable fast and reversible responses[123]. Compared to the electrolytes used in
applications such as batteries, capacitor and actuators, the polymer electrolyte used in
an electrochromic device should also have high transparency. For long term
applications, the polymer electrolyte must be stable against degradation over a life
cycle that can be as long as 20 years and involve more than 100,000 coloration
cycles. A major emphasis of research has been in obtaining the high conductivity
needed for rapid switching in small display devices rather than on some other
properties appropriate to large area window applications[125].

1.8

Aims of the research work in this thesis

The main aim of this thesis is to develop novel polymer electrolytes for
electrochromic applications. The electrolytes developed would overcome typical
drawbacks of liquid electrolytes like volatility, flammability, toxicity and have ionic
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conductivity similar to that of liquid electrolytes. Currently conducting polymer
electrochromic devices are prepared through electrochemical polymerisation, but this
technique is not suitable for large area electrodes. A novel technique, vapour phase
polymerisation, will be utilised, as this process would be suitable for producing large
area electrodes, along with traditional electrochemical polymerisation to produce
electrochromic devices. Characterisation of novel electrolytes and electrochromic
devices will be carried out using various techniques.
The overall structure of the thesis is as follows.
General backgrounds of the project and literature review are presented in this chapter
(Chapter 1).
Chapter 2 describes characterisation and experimental techniques used in this thesis.
Chapter 3 describes the characterisation and preparation of novel polymer
electrolytes for their application in electrochromic devices.

The properties of

polymer electrolytes were analysed in regard to their application in electrochromic
devices based on different molecular weight polyethylene oxide (PEO), salt
(LiTFSI/LiClO4), and plasticiser (EC/PC, ionic liquid).
Chapter 4 describes vapour phase polymerisation as a method of developing
electrodes (anode and cathode) for electrochromic devices. This chapter also
describes the fabrication and characterisation of electrochromic devices.
Long term stability of the electrochromic device and analysis of the failure of the
devices are studied in Chapter 5. The majority of the dual polymer electrochromic
devices fail on long term cycling. The root cause of failure was analysed using
various techniques and suitable methods to increase the stability of the devices are
discussed. Chapter 6 explores various types of ProDOT monomer and investigates
electrochromic devices consisting of ProDOT as cathodically colouring polymer and
PPy as anodically colouring poymer. The reason for using ProDOT is that it gives
higher contrast than PEDOT when it is used as a single electrode.
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Since ProDOT gives high contrast when used as a single electrode, vapour phase
polymerisation and characterisation of dibutyl ProDOT is carried out in Chapter 7.
The purpose of carrying out vapour phase polymerisation is to obtain a uniform film
on a large area electrode. An electrochromic device using vapour phase polymerised
dbutyl ProDOT (cathodically colouring polymer) and PPy (anodically colouring
polymer)was constructed and characterised.

Chapter 8 explores the possibility of matching the dopant tosylate anion of the
conducting polymer to that of tosylate based ionic liquid which acts as an
electrolyte.. In this chapter, an electrochromic device was constructed using vapour
phase polymerised PEDOT and PPy and the anion of the electrolytes was matched to
that of conducting polymer. The device performance was compared to the
electrolytes which had different anions to that of the conducting polymer.

Conclusion and recommendations is presented at the end of the thesis.

Chapter 1

31

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]

C. K. Chiang, C. R. Fincher, Y. W. Park, A. J. Heeger, H. Shirakawa, E. J.
Louis, S. C. Gau, A. G. MacDiarmid, Physical Review Letters 1977, 39,
1098.
H. Letheby, J. Chem. Soc., Chem. Commun.1862, 15, 161.
A. F. Diaz, Chem. Scr. 1981, 17, 142.
A. Gandini, M. N. Belgacem, Progress in Polymer Science 1997, 22, 1203.
A. F. Diaz, J. I. Castillo, J. A. Logan, W.-Y. Lee, Journal of Electroanalytical
Chemistry 1981, 129, 115.
H. Gerhard, J. Friedrich, Advanced Materials 1992, 4, 116.
G. Gabriele, L. Günther, U. Bruno, L. Günther, Advanced Materials 1992, 4,
36.
J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay,
R. H. Friend, P. L. Burns, A. B. Holmes, Nature 1990, 347, 539.
J. Rault-Berthelot, J. Simonet, Journal of Electroanalytical Chemistry 1985,
182, 187.
A. G. MacDiarmid, A. J. Epstein, Faraday Discussions of the Chemical
Society 1989, 88.
A. Desbene-Monvernay, P.C. Lacaze, J.E. Dubois, Journal of
Electroanalytical Chemistry 1981, 129, 229.
J. R. Reynolds, T. A. Skotheim, Handbook of Conducting Polymers:
Conjugated polymers processing and applications, 3rd edition, CRC press,
2007.
Y. Gofer, H. Sarker, J. G. Killian, T. O. Poehler, P. C. Searson, Applied
Physics Letters 1997, 71, 1582.
A. Kumar, D. M. Welsh, M. C. Morvant, F. Piroux, K. A. Abboud, J. R.
Reynolds, Chem. Mater. 1998, 10, 896.
B. Sankaran, J. R. Reynolds, Macromolecules 1997, 30, 2582.
G. A. Sotzing, J. R. Reynolds, P. J. Steel, Adv. Mater. 1997, 9, 795.
G. A. Sotzing, J. R. Reynolds, P. J. Steel, Chemistry of Materials 1996, 8,
882.
V. K. Milind, V. Annamraju Kasi, P. K. Khanna, Journal of Applied Polymer
Science 2006, 99, 812.
B. Garner, A. Georgevich, A. J. Hodgson, L. Liu, G. G. Wallace, Journal of
Biomedical Materials Research 1999, 44, 121.
G. M. Spinks, L. Liu, G. G. Wallace, D. Zhou, Advanced Functional
Materials 2002, 12, 437.
Y. Zhu, J. Zhang, Y. Zheng, Z. Huang, L. Feng, L. Jiang, Advanced
Functional Materials 2006, 16, 568.
W. H. Kim, G. P. Kushto, H. Kim, Z. H. Kafafi, Journal of Polymer Science
Part B: Polymer Physics 2003, 41, 2522.
J. Ouyang, C.-W. Chu, C. R. Szmanda, L. Ma, Y. Yang, Nat Mater 2004, 3,
918.
B. D. Reeves, C. R. G. Grenier, A. A. Argun, A. Cirpan, T. D. McCarley, J.
R. Reynolds, Macromolecules 2004, 37, 7559.
A. Cirpan, A. A. Argun, C. R. G. Grenier, B. D. Reeves, J. R. Reynolds,
Journal of Materials Chemistry 2003, 13, 2422.
E. M. Galand, J. K. Mwaura, A. A. Argun, K. A. Abboud, T. D. McCarley, J.
R. Reynolds, Macromolecules 2006, 39, 7286.

Chapter 1

[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]

32

C. G. Wu, M. I. Lu, S. J. Chang, C. S. Wei, Advanced Functional Materials
2007, 17, 1063.
A. J. Heeger, Synthetic Metals 2001, 125, 23.
R. E. Peierls, Quantum Theory of Solids, Oxford University Press, London
1955.
J. Roncali, Chem. Rev. 1997, 97, 173.
A. J. Heeger, Angewandte Chemie International Edition 2001, 40, 2591.
J. L. Bredas, G. B. Street, Accounts of Chemical Research 1985, 18, 309.
G. Inzelt, M. Pineri, J. W. Schultze, M. A. Vorotyntsev, Electrochimica Acta
2000, 45, 2403.
J. H. Alan, Angewandte Chemie International Edition 2001, 40, 2591.
I. Schwendeman, Optical and transport properties of conjugated polymers and
their application to electrochromic devices, Ph.D Thesis, University of Florida,
2002, 177.
P. Novak, K. Muller, K. S. V. Santhanam, O. Haas, Chemical Reviews 1997,
97, 207.
J. Margolis, Conductive Polymers and Plastics, Chapman and Hall, 1991.
C. Arbizzani, M. Mastragostino, L. Meneghello, Electrochimica Acta 1996,
41, 21.
M. Granstrom, K. Petritsch, A. C. Arias, A. Lux, M. R. Andersson, R. H.
Friend, Nature 1998, 395, 257.
K. K. A.G. MacDiarmid, H. Saito, Y Min, Abstracts of papers of the
American Chemical Society 1994, 208, 713.
T. F. Otero, J. Rodriguez, E. Angulo, C. Santamaria, Synthetic Metals 1993,
57, 3713.
U. L. Zainudeen, M. A. Careem, S. Skaarup, Sensors and Actuators B:
Chemical 2008, 134, 467.
W. Takashima, M. Kaneko, K. Kaneto, A. G. MacDiarmid, Synthetic Metals
1995, 71, 2265.
S.-F. Hong, S.-C. Hwang, L.-C. Chen, Electrochimica Acta 2008, 53, 6215.
R. J. Mortimer, Chemical Society Reviews 1997, 26, 147.
P. M. S. Monk, R. J. Mortimer, D. R. Rosseinsky, Electrochromism
Fundamentals and Applications, VCH, Weinheim 1995.
S. K. Deb, Appl. Opt. Suppl. 1969, 3, 192.
R. Vergaz, D. Barrios, J. M. Sánchez-Pena, C. Pozo-Gonzalo, M. Salsamendi,
J. A. Pomposo, Displays 2008, 29, 401.
N. Leventis, Y. C. Chung, Chemistry of Materials 1992, 4, 1415.
J. Nagai, Solid State Ionics 1990, 40, 383.
H. J. Byker, Electrochimica Acta 2001, 46, 2015.
S. K. Deb, Appl. Opt. Suppl.1969, 3, 192.
S. Passerini, A. L. Tipton, W. H. Smyrl, Solar Energy Materials and Solar
Cells 1995, 39, 167.
R. J. Mortimer, A. L. Dyer, J. R. Reynolds, Displays 2006, 27, 2.
M. A. Habib, S. P. Maheswari, M. K. Carpenter, Journal of Applied
Electrochemistry 1991, 21, 203.
M. Deepa, A. Awadhia, S. Bhandari, S. L. Agrawal, Electrochimica Acta
2008, 53, 7266.
C. L. Bird, A. T. Kuhn, Chemical Society Reviews 1981, 10.
I. Schwendeman, R. Hickman, G. Sonmez, P. Schottland, K. Zong, D. M.
Welsh, J. R. Reynolds, Chemistry of Materials 2002, 14, 3118.

Chapter 1

[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]
[86]

33

P. M. Sarada, K. Krishnamoorthy, S. Rabindra, K. Anil, Journal of Polymer
Science Part A: Polymer Chemistry 2005, 43, 419.
A. S. Ribeiro, D. A. Machado, P. Faria dos Santos Filho, M. A. De Paoli,
Journal of Electroanalytical Chemistry 2004, 567, 243.
S. Alkan, C. A. Cutler, J. R. Reynolds, Advanced Functional Materials 2003,
13, 331.
A. Watanabe, K. Mori, Y. Iwasaki, Y. Nakamura, S. Niizuma,
Macromolecules 1987, 20, 1793.
P. Schottland, K. Zong, C. L. Gaupp, B. C. Thompson, C. A. Thomas, I.
Giurgiu, R. Hickman, K. A. Abboud, J. R. Reynolds, Macromolecules 2000,
33, 7051.
R. M. Walczak, J. R. Reynolds, Advanced Materials 2006, 18, 1121.
J. Roncali, Chemical Reviews 1997, 97, 173.
M. Mastragostino, C. Arbizzani, P. Ferloni, A. Marinangeli, Solid State
Ionics, 53-56, 471.
D. M. Welsh, A. Kumar, E. W. Meijer, J. R. Reynolds, Adv. Mater. 1999, 11,
1379.
A. A. Argun, P.-H. Aubert, B. C. Thompson, I. Schwendeman, C. L. Gaupp,
J. Hwang, N. J. Pinto, D. B. Tanner, A. G. MacDiarmid, J. R. Reynolds,
Chemistry of Materials 2004, 16, 4401.
B. C. Sherman, W. B. Euler, R. R. Force, Journal of Chemical Education
1994, 71, A94.
J. Guang-Way, C. Chengchang, W. G. Ronald, W. Yen, Y. Jui-Ming, Journal
of The Electrochemical Society 1996, 143, 2591.
K. S. T. Yamamoto, and A. Yamamoto, J. Polym. Sci. Polym. Lett. Ed.1980,
18, 9.
D. M. Richard, Advanced Materials 1998, 10, 93.
B. Krische, M. Zagorska, Synthetic Metals 1989, 28, 263.
J. Roncali, Chemical Reviews 1992, 92, 711.
G. Heywang, F. Jonas, Adv. Mater.1992, 4, 116.
M. Dietrich, J. Heinze, G. Heywang, F. J. Jonas, Electroanal. Chem.1994,
369, 87.
D. M. Welsh, A. Kumar, E. W. Meijer, J. R. Reynolds, Advanced Materials
1999, 11, 1379.
D. W. R McNeill, D Willis, Aust. J. Chem. 1965, 18, 477.
S. Asavapiriyanont, G. K. Chandler, G. A. Gunawardena, D. Pletcher,
Journal of Electroanalytical Chemistry 1984, 177, 229.
E. M. Genies, G. Bidan, A. F. Diaz, Journal of Electroanalytical Chemistry
1983, 149, 101.
N. Toshima, S. Hara, Progress in Polymer Science 1995, 20, 155.
M. Pomerantz, J. J. Tseng, H. Zhu, S. J. Sproull, J. R. Reynolds, R. Uitz, H. J.
Arnott, M. I. Haider, Synthetic Metals 1991, 41, 825.
R. H. Baughman, J. L. Bredas, R. R. Chance, R. L. Elsenbaumer, L. W.
Shacklette, Chemical Reviews 1982, 82, 209.
J. R. Reynolds, J. P. Ruiz, A. D. Child, K. Nayak, D. S. Marynick,
Macromolecules 1991, 24, 678.
J. R. Reynolds, A. D. Child, J. P. Ruiz, S. Y. Hong, D. S. Marynick,
Macromolecules 1993, 26, 2095.
B. Winther-Jensen, J. Chen, K. West, G. Wallace, Macromolecules 2004, 37,
5930.

Chapter 1

[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]
[110]
[111]
[112]
[113]
[114]

34

A. Mohammadi, M. A. Hasan, B. Liedberg, I. Lundström, W. R. Salaneck,
Synthetic Metals 1986, 14, 189.
P. Gianfranco, R. Mario De, S. Bruno, Journal of The Electrochemical
Society 1970, 117, 500.
R. D. Rauh, S. B. Brummer, Electrochimica Acta 1977, 22, 75.
E. Peled, D. Golodnitsky, C. Menachem, D. Bar-Tow, Journal of The
Electrochemical Society 1998, 145, 3482.
Z. Tao, L. Yinghu, E. W. Fuller, T. Sheilla, U. v. Sacken, J. R. Dahn, Journal
of The Electrochemical Society 1995, 142, 2581.
J. M. Tarascon, D. Guyomard, Solid State Ionics 1994, 69, 293.
J. R. Dahn, U. v. Sacken, M. W. Juzkow, H. Al-Janaby, Journal of The
Electrochemical Society 1991, 138, 2207.
U. Makoto, Journal of The Electrochemical Society 1994, 141, 3336.
Charles W. Walker, Jr., J. D. Cox, S. Mark, Journal of The Electrochemical
Society 1996, 143, L80.
K. Xu, Chemical Reviews 2004, 104, 4303.
D. E. Fenton, J. M. Parker, P. V. Wright, Polymer 1973, 14, 589.
F.-M. Wang, C.-C. Wan, Y.-Y. Wang, Journal of Applied Electrochemistry
2009, 39, 253.
E. Tsuchida, H. Ohno, N. Kobayashi, H. Ishizaka, Macromolecules 1989, 22,
1771.
F. M. Gray, Solid Polymer Electrolytes : Fundamentals and Technological
Applications, New York, NY : VCH, 1991.
X. Qian, N. Gu, Z. Cheng, X. Yang, E. Wang, S. Dong, Materials Chemistry
and Physics 2002, 74, 98.
D. R. MacFarlane, J. Sun, P. Meakin, P. Fasoulopoulos, J. Hey, M. Forsyth,
Electrochimica Acta 1995, 40, 2131.
H. Bircan, V. Seshadri, J. Padilla, M. Invernale, T. F. Otero, G. A. Sotzing,
Journal of Physics: Conference Series 2008, 012011.
X. Qian, N. Gu, Z. Cheng, X. Yang, E. Wang, S. Dong, Electrochimica Acta
2001, 46, 1829.
C.-W. Nan, L. Fan, Y. Lin, Q. Cai, Physical Review Letters 2003, 91,
266104.
L. Fan, C.-W. Nan, S. Zhao, Solid State Ionics 2003, 164, 81.
P. A. Z. Suarez, V. M. Selbach, J. E. L. Dullius, S. Einloft, C. M. S. Piatnicki,
D. S. Azambuja, R. F. De Souza, J. Dupont, Electrochimica Acta 1997, 42,
2533.
J. Sun, M. Forsyth, D. R. MacFarlane, Journal of Physical Chemistry B 1998,
102, 8858.
N. Papageorgiou, Y. Athanassov, M. Armand, P. BonhÃ´te, H. Pettersson, A.
Azam, M. GrÃ¤tzel, Journal of the Electrochemical Society 1996, 143, 3099.
J. D. Stenger-Smith, C. K. Webber, N. Anderson, A. P. Chafin, K. Zong, J. R.
Reynolds, Journal of the Electrochemical Society 2002, 149, A973.
W. Lu, A. G. Fadeev, B. Qi, E. Smela, B. R. Mattes, J. Ding, G. M. Spinks, J.
Mazurkiewicz, D. Zhou, G. G. Wallace, D. R. MacFarlane, S. A. Forsyth, M.
Forsyth, Science 2002, 297, 983.
Y. Pang, X. Li, H. Ding, G. Shi, L. Jin, Electrochimica Acta 2007, 52, 6172.
D. R. MacFarlane, M. Forsyth, Advanced Materials 2001, 13, 957.
C. Tiyapiboonchaiya, D. R. MacFarlane, J. Sun, M. Forsyth, Macromolecular
Chemistry and Physics 2002, 203, 1906.

Chapter 1

35

[115] V. R. Koch, L. A. Dominey, C. Nanjundiah, M. J. Ondrechen, Journal of The
Electrochemical Society 1996, 143, 798.
[116] S. Pantaloni, S. Passerini, B. Scrosati, Journal of The Electrochemical Society
1987, 134, 753.
[117] A. Brazier, G. B. Appetecchi, S. Passerini, A. Surca Vuk, B. Orel, F.
Donsanti, F. Decker, Electrochimica Acta 2007, 52, 4792.
[118] I. Schwendeman, J. Hwang, D. M. Welsh, D. B. Tanner, J. R. Reynolds,
Advanced Materials 2001, 13, 634.
[119] T.-S. Tung, K.-C. Ho, Solar Energy Materials and Solar Cells 2006, 90, 521.
[120] L.-M. Huang, C.-H. Chen, T.-C. Wen, Electrochimica Acta 2006, 51, 5858.
[121] C. O. Avellaneda, D. F. Vieira, A. Al-Kahlout, S. Heusing, E. R. Leite, A.
Pawlicka, M. A. Aegerter, Solar Energy Materials and Solar Cells 2008, 92,
228.
[122] L. Ma, Y. Li, X. Yu, Q. Yang, C.-H. Noh, Solar Energy Materials and Solar
Cells 2009, 93, 564.
[123] G.-T. Kim, G. B. Appetecchi, F. Alessandrini, S. Passerini, Journal of Power
Sources 2007, 171, 861.
[124] M. Andrei, A. Roggero, L. Marchese, S. Passerini, Polymer 1994, 35, 3592.
[125] D. R. MacFarlane, J. Sun, M. Forsyth, J. M. Bell, L. A. Evans, I. L. Skyrabin,
Solid State Ionics 1996, 86, 959.

Chapter 2
Experimental

Chapter 2

37

2 EXPERIMENTAL

2.1

Introduction

This chapter describes various techniques used for the characterisation of the
electrolytes, electrodes and electrochromic devices made using conducting polymers.
These methods would be most commonly used in the work described in the
following chapters.

2.2

Viscosity

The viscosity of the electrolyte plays a very crucial role in electrochromic devices.
An ideal electrolyte should be fluid (low viscosity) so that facile ion transport can
occur and at the same time it should have good contact with the electrodes. To
investigate these properties, the viscosity of the electrolytes was measured using a
parallel plate viscometer. During the viscosity measurement, two parallel plates are
kept apart and one of the plates is kept fixed and the second plate is rotated. A fixed
rotational speed is applied and the torque required to maintain this speed is
measured.
The shear stress is given by (Equation 2.1)

2.1

where r is the radius of the rotating plate, T is the distance between the parallel plates
and τ is the torque.
Viscosity (η) is give by (Equation 2.2)
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2.2

The viscosity values obtained are generally plotted as a function of shear rate. The
viscosity of the electrolytes was measured using an Anton Paar Viscometer (Physica
MCR 301, Rheoplus). The shear rate during the measurement ranges from 100 12000 1/s.

2.3

DSC

An ideal electrolyte should remain liquid over a wide temperature range. In other
words, its melting point (Tm) should be low and boiling point should be high. Glass
transition temperature (Tg) is also an important characteristic of an electrolyte as it
helps to determine the temperature below which the electrolyte is rigid and
effectively less conductive. In order to measure the glass transition temperature (Tg),
melting temperature (Tm) and crystallisation temperature (Tc), thermal analysis of the
polymer electrolytes was carried out. A DSC Q100 differential scanning calorimeter
from Thermal Analysis Instrument (TA instrument) was used to determine the
thermal properties of the polymer electrolytes. In this experiment the difference in
the amount of heat required to increase the temperature of the sample and the
reference is measured as a function of temperature. The temperature scale was
calibrated from the melting point of Indium. Empty aluminium pans were used as
reference. Samples were placed in an Al pan, and dynamic heating and cooling was
carried out at a rate of 100C/min from -800C to 1500C in a nitrogen atmosphere.

2.4

TGA

Thermal gravimetric analysis was carried out to determine the thermal stability of the
polymer electrolytes. An ideal polymer electrolyte should be safe i.e. should have a
high flash point. In this experiment, weight change was measured as a function of
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temperature. The weight change in the sample can be due to a result of physical or
chemical transformation. Thermal gravimetric analysis was carried out using a DTA
TA instrument Q800. The rate of heating was 100C/min in the temperature range
from room temperature to 4000C.

2.5

Electrochemical impedance spectroscopy

One of the key requirements of an ideal electrolyte is that it should have reasonable
conductivityof ~10-5 S/cm. The conductivity of the electrolytes is measured using an
electrochemical impedance spectroscopy. Electrochemical impedance spectroscopy
(EIS)is a method in which the impedance of the system is studied as a function of
frequency of the applied AC wave. Instead of applying a direct current or voltage,
these techniques utilise a continuous perturbation to a steady state system, using a
low magnitude AC signal. Applying an AC potential causes the sample to cycle
between cathodic and anodic polarisation causing the assumption of current voltage
linearity. The AC amplitude of the impedance typically ranges from 5 to 20mV and
is usually centred onthe open circuit potential or a set DC voltage. The frequency in
the impedance ranges from 100 kHz to several MHz.
The impedance of the system relates to measured current and potential in a similar
way as DC potential but the relationship is further complicated by the frequency
signal response. Resistance and capacitance values can be obtained at each
frequency, to provide information on electrode processes such as charge transfer
rates and diffusion. EIS is a powerful tool to study in situ interfacial properties of
conducting polymers in electrolytes.

2.5.1 Behaviour of electrodes at electrolyte interface

When a solid electrode is brought in contact with an electrolyte, an electron
exchange between the electrode and the ions in the solution takes place. This
exchange leads to a potential difference between the metal-electrolyte interface
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creating a localised electric field. As a consequence, the electrical field will lead to
redistribution of mobile ions in the region near the electrode.

Figure 2-1 : Model of double layer a) Helmholtz model , b) Gouy point-charge
model, c) Stern model combining Helmholtz and Gouy model.
According to the Helmholtz model, the redistribution of charge at the interface will
lead to adsorption of one layer of electrolyte, followed by a positive or negative layer
of solvated ions, depending on the charge of the electrode substrate (Figure 2-1a)[1].
The layer of solvated ions forms the so called exterior Helmholtz layer (EHL). In the
simplest case the charge densities on the electrode and EHL are equal but different in
sign. This interface can be approximated electronically to a planar capacitor (double
layer), with one plate being the EHL and the second one the electrode substrate.
Thus, according to the Helmholtz model the potential over the metal-electrolyte
interface is considered to change linearly, as for a planar capacitor.
Unfortunately, the Helmholtz model sometimes does not adequately reflect
experimental results, especially for diluted solutions. Gouy and Chapman proposed a
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new model[1] in which they assumed that the electrical field at the interface
decreases exponentially with increasing distance from the electrode surface (Figure
2-1b). Under this condition the double layer is described as a diffuse layer, however
the situation becomes more complicated as the capacity of a diffuse double layer is
no longer equivalent equal to the capacity of a planar capacitor. This is further
complicated given that the capacity of the interface will also be dependent upon on
the electrode potential.
Surprisingly, even this model does not explain all experimental results. As a solution,
Stern proposed a combination of the two models. Namely, this model assumed that
the diffuse distribution of the ions does not start immediately at the surface of the
electrode, as in the Gouy-Chapman model, but from the EHL defined in the
Helmholtz model (Figure 2-1c)[1].
As a consequence the interface capacity in this model can be electrically described as
two capacitors connected in series: the Helmholtz capacity and the Gouy-Chapman
capacity describing double layer capacitance behaviour. The Gouy-Chapman
capacity increases as the concentration of the electrolyte increases, whereas the
Helmholtz capacity stays constant. By using this approach, at high concentrations the
Gouy-Chapman capacity becomes negligible as compared with the Helmholtz
capacity.
One of the most simple and useful ways of understanding the time dependent effects
of current flow through an electrode is the concept of the diffusion layer introduced
by Nernst in 1904. Figure 2-2a shows the concentration of the oxidised and reduced
species at initial time 0 when the electrode is polarised. When an electrode is
polarized the surface concentration of the species that is either being either oxidized
or reduced at the electrode surface falls to zero. Additional material will then diffuse
to the electrode surface towards this region of lower concentration which can be
represented in Figure 2-2b.
The thickness δ of the material layer diffusing towards the electrode is called the
effective (or equivalent) thickness of the diffusion layer. Its definition is apparent
from Figure 2-2c; a fictitious layer corresponding to the dotted straight lines of the
diagram which shows the concentration profile along the direction perpendicular to
an electrode surface. This diffusion layer is described as the thickness which the
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for an electrochemical cell the circuit element exhibits much more complex
behaviour. This behaviour forces us to abandon the simple concept of resistance
andto use impedance as a more general circuit parameter. Like resistance, impedance
is a measure of the ability of a circuit to resist the flow of electrons (current), but
unlike resistance it is not limited to the simplifying properties listed above[2].
Electrochemical impedance is usually measured by applying an AC sinusoidal
potential to an electrochemical cell and measuring the current through the cell. The
response to this potential is an AC current signal. This current signal changes in its
phase (φ) and magnitude with respect to the AC perturbation and can be analysed as
a sum of sinusoidal functions[3]. Normally a small AC potential centred on the open
circuit potential of the substrate causes the sample to cycle between anodic and
cathodic polarisation leading to a small AC current. Using a small perturbation
signal, as with linear polarisation, allows the assumption of voltage-current linearity.
The impedance of the system relates to the measured current and applied potential in
the same way as for the resistance for the DC potential but is dependent on frequency
of the signal.
Mathematically the impedance can be expressed as a complex number shown in the
equation polar coordinates (Equation 2.4) and in the Cartesian coordinates (Equation
2.5e)

| |

2.4

"

2.5

The impedance spectrum is obtained by varying the frequency (ω), which is
measured in radians, of the AC signal thereby resolving components in the system
with different frequency dependent properties (time constants) to provide data which
can be used to characterise the behaviour of an electrode system.
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Impedance data is commonly analysed by fitting it to an equivalent circuit model.
Most of the circuit elements in the model are common electrical elements such as
resistors, capacitors, and inductors. To be useful, the elements in the model should
have a basis in the physical electrochemistry system. Some of the standard circuit
components are listed in Table 2-1 along with the relationship between current vs.
voltage and their impedance [3, 4].
Table 2-1 : List of standard circuit elements, their equation for their current versus
voltage relationship, and their impedance.
Component

Current vs. Voltage

Impedance

Resistor (ohm Ω)

V = IR

Z=R

Capacitor (Farad, F)

I = C dV/dt

Z = 1/ (jωC) = -j/(ωC)

Inductor ( Henry, H)

V = L dI/Dt

Z = jωL

The impedance of the resistor is independent of frequency and has no imaginary
component. With only a real impedance component, the current through a resistor
stays in phase with the voltage across the resistor.
The impedance of an inductor increases as frequency increases. Inductors have only
an imaginary impedance component. As a result, the current through an inductor is
phase shifted by 90 degrees with respect to voltage.
The impedance versus frequency behaviour of a capacitor is opposite to that of an
inductor. Capacitor impedance decreases as the frequency is raised. Capacitors also
have an imaginary impedance component. The current through a capacitor is phase
shifted 90 degrees with respect to the voltage.

2.5.3 Models and Equivalent circuit

The Randles equivalent circuit is one of the simplest cell models that describe the
electrical behaviour of a non-porous electrode in contact with an electrolyte solution
when a small AC perturbation is applied, Figure 2-3[5]. The model includes a
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solution resistance, a double layer capacitor and a charge transfer or polarization
resistance associated with the ordering of electrolyte at an electrode surface. The
Randles model is the starting point for other complex models. The series resistance
Rs, represents the resistance of the electrolyte, surface films and the leads used to
connect the cell to the measuring system etc. The parallel resistance Rct, is known as
the charge transfer resistance. The charge transfer resistance determines the rate of
the electrochemical process (corrosion) process. As discussed above, according to
Helmholtz, Stern and Gouy-Chapman approximations of electrode behaviour, there
is a formation of a double layer capacitance which can be represented by Cdl.

Cdl

Rs

Rct

Figure 2-3: Schematic diagram of a Randles cell equivalent circuit
The total impedance of the Randles circuit which is shown above can be give as
(Equation 2.6).
|
|

|

|

|
|

2.6

Where Z is the total impedance in ohms
R1 = Rs and R2 = Rct are the resistor in the circuit in ohms
C = Cdl is the capacitor in Farads
ω = 2π (AC voltage frequency)
j is square root of -1, an imaginary number.
At high frequency, the capacitance Cdl conducts easily (effectively shorting out the
charge transfer resistance Rct) leaving only the effect of the conduction series
resistance (Rs). As frequency decreases the conduction of the capacitance becomes
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less and less and the response due to Rct increases. As the frequency approaches zero
the capacitor ceases to conduct and the cell impedance is a function of Rct and Rs.
Presentation of the impedance data is often done in three different graphical forms.
The Nyquist plot shown in Figure 2-4a plots the real (Z’) and the imaginary
component (Z”) of the impedance on the x and y axis respectively and, since almost
all the corrosion data have a negative imaginary component, the y axis is inverted to
show Z” above the x-axis. For the Nyquist plot, it can be assumed that the frequency
decreases from left to right, however the graph does not display the frequency for the
data collected. For this reason the same data is represented using a Bode plot shown
in Figure 2-4b where the logarithm of the modulus of the impedance (log|Z|) and the
phase angle (φ) is plotted on the y axis vs. logarithm of the frequency(log ω) in two
separate graphs.
It can be observed in a Bode plot that the phase anglevalue (theta) decreases at low
frequency as the capacitor ceases to conduct, and the total cell impedance is a
function of Rct and Rs which is shown in Figure 2-4b. At the frequency where
maximum Z” is observed (Figure 2-4a), a straight forward relationship affords the
time constant of the electrochemical reaction. The time constant of an
electrochemical reaction indicates how fast the reaction takes place. It is observed in
the Bode plot that the process has one time constant, indicating that one process is
taking place[5].
For most practical systems, this simple approach is insufficient to define the reaction
process and more complex models, or equivalent circuit’s needs to be derived. These
include the effects of diffusion of charged species (e.g. ions) and the presence of
inductive loops.
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Figure 2-4 : Nyquist (a) and Bode plot (b) for a typical Randles circuit
The modified Randles circuit in Figure 2-5 describes the behaviour of a pure
capacitive coating on a metal substrate. Typically, coated metals can degrade with
time which results in more complex behaviour as a result of porosity developing
within the coated surface[6]. The capacitance of the intact coating is represented by
Cdl. Its value is smaller than a typical double layer capacitance (C1). Rct is the
resistance of ion conducting path that develops in the coating. On the metal side of
the pore, we assume that an area of the coating has delaminated and a pocket filled
with an electrolyte solution has formed. This electrolyte solution can be very
different than the bulk solution outside of the coating. The interface between this
pocket of solution and the bare metal is modified as a double layer capacitor (C1) in
parallel with a kinetically controlled charge transfer resistance (R1). In this model
two time constants can be observed in the Nyquist and Bode plots Figure 2-6(a, b). In
the high frequency, coating capacitance (Cdl) is observed in the Bode plot. The
second capacitive region observed in the low frequency is due to the capacitance of
the metal and the electrolyte called as the double layer capacitance (C1). The total
impedance at low frequency is the sum of the Rs (resistance of the electrolyte), Rct
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(resistance of the ion conducting path on coating) and R1 (resistance between the bare
metal and electrolyte).
Rs

Cdl
Rct

R1
C1

Figure 2-5: Equivalent circuit of failed metal coatings
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Figure 2-6: Nyquist (a) and Bode (b) plot of failed metal coatings
As discussed in the previous section an electrical double layer exists at the interface
between an electrode and its surrounding electrolyte. This double layer is formed as
ions from the solution are attracted to the electrode surface. Charges (electrons) in
the electrode are separated from the charges of these ions and the separation distance
between these is of the order of angstroms. Quite often this double layer capacitance
does not behave like an ideal capacitor, due to the fact that charges on the electrolyte
side of the capacitor are distributed in space (diffuse layer), or due to roughness or
porosity of the electrode surfaces. In such cases the capacitance is described with a
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constant phase element (CPE) as shown in Figure 2-7(b) and the impedance is given
by the Equation (2.7).

ZCPE =

2.7

CPE models an ideal capacitor (ZCPE= ZC) when T = C and P = 1. For a double layer
capacitance of an electrode the following holds, 1>P >0.8

a

b

Figure 2-7: Representation of (a) capacitor Cdl (b) constant phase element CPE
The Nyquist plot of the equivalent circuit of a failed metal coating in which the
capacitor is replaced by the constant phase element is shown in Figure 2-8. It is
observed that there is disappearance of the semicircle in the high frequency region
and a depressed semicircle is observed in the low frequency region of the spectra.
The value of p is this case is found to 0.6; indicating the deviation from the ideal
capacitance and, in many cases, is also known as the distorted capacitance.
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Figure 2-8: Nyquist plot of a failed metal coating in which the capacitor is replaced
by the constant phase element.

2.5.4 Warburg diffusion

Diffusion is the movement of a species down a concentration gradient that results
from the consumption and the production of redox species at the electrode surface. A
Warburg element represents the solution of the one-dimensional diffusion equation
of a species. There are two basic types of diffusional geometry: Infinite (or semiinfinite) diffusion and Finite (or bounded) diffusion as shown in Figure 2-9[3, 4, 7].

Chapter 2

51

Finite (Bounded Diffusion)

Infinite (Semi
infinite) Diffusion

O

O
WE

Diffusion is confined within
some layer of electrolyte
(could be polymer)

R

R
Infinite
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Figure 2-9: Finite and Infinite diffusion
An Infinite length Warburg element behaves like the infinite length transmission line
as shown in Figure 2-10. As the doping and de-doping takes place, ions will diffuse
in and out of the conducting polymer and are confined locally within the electrolyte
Nernst diffusion layer. This diffusion behaviour creates an impedance known as the
Warburg impedance. This impedance depends on the frequency of the potential (or
current) perturbation with the diffusional behaviour being dominant at low
frequencies < 10 Hz. A Warburg element occurs when a redox species diffuses
through a material (e.g. an electrolyte or a polymer). Lower frequencies typically
correspond to diffusion deeper into the material. If the material is thin, low
frequencies will penetrate the entire thickness, creating a Finite Length Warburg
element. If the material is thick enough so that the lowest frequencies applied do not
fully penetrate the layer, it must be interpreted as an Infinite Length Warburg
element.

Figure 2-10: Infinite length Warburg element.
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In that case there are two types of infinite length impedance. They are Ws (Warburg
short) (Figure 2-11a) for a transmissive porous boundary condition and Wo (Warburg
open) (Figure 2-11b) for reflective or blocking boundary conditions.

Transmissive boundary condition
(short circuit terminus)

ZT= 0

Ws
Reflective boundary condition (open
circuit terminus)

ZT= Infinite

Wo

Figure 2-11: Warburg short circuit (a) and open circuit (b) representation

The Warburg element with transmissive boundary condition (short circuit terminus)
obeys the expressions:

Zws =

/

tanh

/

T=
T is Warburg diffusion thickness, l is the diffusion length and D is the diffusion
constant of the ionic species in solution. The following relationships then hold:

Z’ Æ R

and

Z” Æ 0

when ω Æ

0
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Figure 2-12 : Nyquist plot of Warburg short
The Nyquist plot of Warburg short is shown in Figure 2-12. The Nyquist plot shows
that when the frequency approaches 0, Z” tends to zero and Warburg diffusional
resistance is given by the intersection with the real axis.
For Warburg with reflective boundary condition (open circuit terminus) is given by
the expression in Equation 2.8.

Zwo =

/

coth

/

2.8

Where T
T is Warburg diffusion thickness, l is the diffusion length and D is the diffusion
constant

Z’ Æ

and Z” Æ

when ω Æ 0

The Nyquist plot of Warburg open is shown in Figure 2-13where the impedance
shows an initial slope of 450 with respect to real impedance and at thelowest
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frequencies, as ω approaches 0, purely capacitive behaviour is observed.
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Figure 2-13 : Nyquist plot of Warburg open

2.5.5 Conductivity of polymer electrolytes

Conductivity measurements of electrolytes were carried out using an in-house
constructed multi-sample conductance cell (detailed in Chapter 3). The conductance
of the samples was obtained by measurement of the complex admittance of the cell
between 20 Hz and 1 MHz using a HP4284A Impedance Meter, and determined
from the first real axis touchdown point in the Nyquist plot of the impedance data.
The temperature was controlled at a set temperature with a Shimaden digital
temperature controller. A type T measurement thermocouple probe was located in
the stainless steel block in close proximity to the sample compartments.
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2.5.6 Electrochemical impedance spectroscopy of the electrochromic device

The impedance measurements were made using a Gamry Instrument Frame work for
the electrochromic device in a two electrode setup where PEDOT acts as the working
electrode and PPy as the counter electrode. Impedance measurement of
electrochromic devices provides information on electrode processes such as charge
transfer and diffusion for a conducting polymer. During measurement, the counter
and reference leads are hooked up together. An AC amplitude of 5 mV wasapplied
withthe applied frequency in the range of 0.1 Hz to 100 KHz. The impedance spectra
were recorded using a Gamry EIS 3000. The obtained data was modelled and
analysed using an appropriate equivalent circuit that has a required fit using ZView
software. The best fit as proposed by Boukamp is the one which has the simplest
equivalent circuit with smallest “weight sum of squares” or (chi square χ2). Different
equivalent circuits may depict different electrochemistries[8, 9]. Ultimately the most
appropriate way of fitting the data in the system has to represent the system in a
physical sense.

2.6

Conductivity of polymer films

Conductivity of the conducting polymer can be determined through various methods
but among all, the 4-point probe is the most versatile method. The main advantage of
the four-point probe is that it eliminates the error caused by the resistance, since the
two contacts measuring the voltage drop are different from the contacts applying the
current across the sample. The schematic diagram of a 4-point probe is shown in
Figure 2-14.
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Figure 2-14 : Schematic diagram of a 4-point probe.
To determine the conductivity, a potential difference is applied across the sample and
the current is measured simultaneously. According to ohms law, the drop in the
current is directly proportional to the electric current flowing through it. This
relationship can be expressed as in Equation 2.9.

I

V/R

2.9

Where I is the current flowing in Amperes
V is the voltage applied across the conductor
R is the resistance of the conductor.
R is related to the length (l), the cross sectional area (a) and the specific resistivity of
the material (ρ) according to Equation 2.10.

R

ρl / a

2.10

The conductivity of the material is the reciprocal of resistivity which is given by
Equation 2.11.

1

2.11
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The four-point probe used to measure the conductivity of the polymer film was
procured from Jandel Engineering (model RM 3).

2.7

Raman spectroscopy

Raman spectroscopy is a vibrational molecular spectroscopy which is derived from
the inelastic scattering of the light. In Raman spectroscopy, a laser photon is
scattered by a sample molecule and it loses or gains energy during the process. The
amount of energy lost is seen as a change in energy (wavelength) of the irradiating
photon. This energy loss is characteristic for a particular bond in the molecule. When
the frequency of the scattered photon (νo) is the same as the incident frequency (νo) it
is called Rayleigh scattering. When the frequency of the scattered light is lower or
higher than the applied frequency (νo±νm) it is referred to as Stokes and Anti-Stokes
respectively. Here νm is the vibrational frequency of the molecule. The energy lost is
therefore characteristic of a particular bond in a molecule and is equivalent to the
frequency of the absorption band found in the Raman spectra shown in Figure 2-15.
Raman spectra consist of a plot of optical intensity of Raman scattering versus
vibrational frequency (cm-1). Raman spectroscopy detects molecular vibrations
where there is change in polarizability of the molecule where as FTIR detects the
change in the dipole moment. For example while FTIR is particularly effective in
detecting C=O moieties, Raman spectra is sensitive to C=C bonds. Therefore the two
techniques give complementary information.
In conjugated polymers the vibration frequency of the conjugated bond can be
observed using Raman spectroscopy. Raman frequency shift is used to investigate
oxidation states, conductivity, electrochemical oxidation, degradation products of
PANI, PEDOT, PPy, PTh[10-25]. In this thesis, Raman spectra are used to study the
structural change in the electrochromic device consisting of PEDOT and PPy.
In-situ Raman spectroscopy of the conducting polymer in the oxidised and reduced
state was carried out in the device using a 632.8 nm excitation of a Helium/Neon
laser. The spectral resolution was 1 cm-1 in back scattering mode. The incident beam
was focused on to the conducting polymer through a 50 x microscopic objective lens
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will be absorbed by the sample while the others will pass through or reflected. The
wavelength absorbed by the sample corresponds to molecular vibration that involves
a change in the dipole moment of the molecule being irradiated. Generally each
molecule within the sample possesses a characteristic infrared spectrum that consists
of a series of peaks that represent absorptions at different wavelengths. Typically, an
infrared spectrum is a plot of absorbance/transmittance against the wave number (cm1

). Infrared spectra of the conducting polymers were acquired before assembling the

device. After cycling, the device is pulled apart and again the spectra were recorded.
The spectra were recorded from 400 – 1700 cm-1 wave number using a specular
reflectance. The differences in the spectra before and after cycling give the additional
bands which are formed due to changes in the structure of the conducting polymers.
The FTIR spectra of PEDOT and PPy films were acquired using a Shimazdu
IRPrestige-21.

2.9

Electrochemical techniques

Several different methods have been used to carry out electropolymerisation of
conducting polymers. They are cyclic voltammetry, constant current and constant
potential. In each of the cases, a solution of the monomer in a high dielectric constant
solvent such as acetonitrile which is suitable for electrochemistry is prepared. In
addition to the solvent, a supporting electrolyte such as Tetrabutylammonium
perchlorate (TBAP), lithium perchlorate (LiClO4), lithium tosylate (LiTos) or

Tetrabutylammonium hexafluorophosphate (TBAPF6) is also required to help the
current pass through the solution and compensate the charge on the polymer during
oxidation and reduction.
Each of the polymerisation methods uses a standard three-electrode setup which
consist of a working electrode (Pt disk, ITO coated glass), counter electrode (Pt wire)
and a reference electrode (Ag/Ag+, Ag wire) connected to a potentiostat. The three
electrodes are submerged in a vessel containing the monomer and the electrolyte.
Prior to the experiment, the solution is bubbled with nitrogen to remove dissolved
oxygen in the electrolyte.
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2.9.1 Repeated scanning electropolymerisation

In this method the potential is swept at a constant rate while the current is monitored.
as shown for dimethyl ProDOT in Figure 2-16. Monomer oxidation is measured by
the steep increase in the current which is referred to as the peak monomer potential
(Ep,m). Following the Ep,m there is a sharp decrease in the current and shortly
afterwards typically after 100 -200 mV the scan is reversed. On reversing the scan
two main features are clearly visible that indicate that there is a deposition of electroactive species. The first feature is the nucleation loop that arises from the polymer
being deposited on the working electrode resulting in an increase in the electrically
conducting surface area. The second response on scan reversal is due to the reduction
of the deposited polymer. Upon repeated scanning thin insoluble polymer is
deposited on the electrode. Figure 2.16 shows the first to fifth scan of dimethyl
ProDOT polymerisation. The peak current at 1.3 V remains while the current
response increases in value. Similarly, the polymer oxidation (+ 0.25 V) and polymer
reduction (-0.25 V) current response (reffered to as polymer doping current) increase
in intensity indicating increasing electrode surface area. These features point to a
porous, conductive polymer film being deposited onto the electrode area.
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Figure 2-16 : Conjugated polymer dimethyl ProDOT electrodeposition by cyclic
voltammetry.

2.9.2 Potentiostatic and Galvanostatic deposition

Conjugated polymers can also be deposited by potentiostatic or galvanostatic
deposition. For galvanostatic deposition, an example of galvanostatic deposition of
ProDOT-Me2 at the applied current of 1.8 mA is shown in Figure 2-17. In this
experiment the potential is monitored during the application of a constant current,
and there is an initial increase that is rapidly followed by a decrease, since the
polymer is conductive and can deposit more efficiently on polymer rather than the
bare electrode.
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Figure 2-17 : Galvanosatic deposition at a constant current of 1.8 mA/cm2 of
dimethyl ProDOT.
Potentiostatic polymerisation is the most effective route in depositing a polymer as it
leads to smooth polymer films on ITO coated glass electrodes. Secondly it is a most
effective method when a specific amount of charge must be passed at a constant
potential. Potentiostatic polymerisation is achieved by application of a constant
potential above Eonset. Reynolds and his co-workers have used the potentiostatic
technique for depositing conducting polymers for electrochromic applications [2730]. Potenstiostatic deposition of dimethyl ProDOT at 1300 mV for a period of 15 s
is shown in Figure 2-18. In this experiment the current is monitored during the
application of a constant potential, there is an initial sharp decrease due to oxidation
of the starting dimer to soluble oligomer is observed. The minimum value of the
current is observed when the nucleation stage start, these steep goes on until the
current becomes nearly constant, which means that polymer growth has taken
place[31].
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Figure 2-18 : Constant potential growth of dimethyl ProDOT at a constant potential
of 1300 mV for 15 s.

2.9.3 Cyclic voltammetry of polymer electrode

Cyclic voltammetry (CV) is an electrochemical technique used to understand the
redox properties of the conducting polymers. In CV, potential is varied linearly
between an initial and final potential and the change in the current is recorded. The
current-potential curve of a Pt disk electrode in 0.01M Ferrocene in 0.1M
TBAP/ACN is shown in Figure 2-19. The anodic peak (oxidation peak current) (Ip,a)
and the cathodic peak (reduction peak current) (Ip,c), anodic peak potential (Ea) and
cathodic peak potential (Ec) are monitored as shown in Figure 2-19. For freely
diffusing species (i.e. the ferrocene couple Fc/Fc+), which easily oxidises near the
electrode surface reacts as the potential is swept anodically, generating a current
response. Reversal of the sweep to cathodic values reduces the same species and
another current response is measured. For such diffusion-controlled solution-based
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electrochemical system the Randles–Sevcik equation dictates that the peak current is
directly proportional to scan rate (Equation 2.12)[32].
ip = (2.687x105) n3/2 v1/2 D1/2 A C at 250C

2.12

where n is the number of electrons, A is the surface area of the working electrode
(cm2), D is the diffusion coefficient (cm2/s), C is the bulk concentration of the
electroactive species (mol/cm2) and v is the scan rate (V/s).

Figure 2-19 : Cyclic voltammogram for a Pt disc electrode in the presence of 0.01M
Ferrocene in 0.1M TBAP/ACN
The case does not hold true for conducting polymers which are electrode adsorbed.
The redox processes of electrode bound-conjugated polymers are not diffusion
controlled, so they cannot be described by the Randles-Sevcik equation. For surface
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bound species which are electrode confined, both anodic and cathodic currents will
show a linear relationship with the scan rate (Equation 2.13).
ip = n2 F2AГv / 4RT

2.13

where F is Faraday’s constant (96,485 C/mol) and Г is the concentration of surface
bound electroactive centres (mol/cm3). The linear relationship indicates that the
redox process is said to be non-diffusion controlled, and the electroactive centres are
well adhered to the electrode surface[33]. Oxidation and reduction in the conducting
polymer is quite rapid. However the switching speed depends on the thickness and
the electrolyte used.

Therefore scan rate dependence studies help to determine

whether the polymer can be switched between redox states rapidly without loss of
current response[33].
Electrochemistry studies were carried out using a potentiostat VoltaLab 50 (PST050)
from Radiometer Analytical and Voltamaster 4 software running on a personal
computer installed with Microsoft XP.

2.10 Spectroelectrochemistry

The change in electronic transitionsduring redox switching can be examined through
spectroelectrochemistry. It also reveals the specific properties of the conducting
polymer like the band gap (Eg) and the intermediate states that appear during doping
and de-doping in conjugated polymers. Measurement was carried out in a UV-vis
spectrometer acquired from Shimadzu UV-1601 in the wavelength range 300-1000
nm for a three-electrode setup thus obtaining the absorption spectra.
Conducting polymers are deposited on ITO coated conductive glass using a suitable
technique. The electrodes are cut into suitable size and fit into the cuvette. Pt is used
as a counter electrode and Ag/Ag+ is used as a reference electrode. Typically the
experiment is carried out in a spectrometer in a double beam mode. A baseline is
obtained by placing the two cuvettes containing bare ITO coated electrodes
immersed in the electrolyte in both the reference and the sample compartment. After
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acquiring the base line, the polymer coated ITO coated glass is placed in the sample
compartment. The analysis is done by stepping the potential of the polymer until it is
completely reduced and oxidised and measuring the spectra at regular intervals,
recording the spectra within a wavelength range.

2.11 Chronoabsortopmetry

Electrochromic polymers are evaluated on the basis of the contrast they exhibit
between the doped and undoped state. The contrast of the material is measured by
utilising the potential step experiment and coupling with a UV-Vis experiment. In
this experiment, a polymer film of desired thickness is deposited on ITO coated glass
and immersed in the cuvette containing the electrolyte. The potential of the electrode
is stepped with respect to the reference electrode and the transmittance is measured at
a specific wavelength. Background of ITO coated glass and the electrolyte is
subtracted during measurement. In the case of an electrochromic device, the
reference electrode cable is coupled to the counter electrode. During these
measurements the absorption of the glass and electrolyte were not subtracted from
the background. Contrast ratio is then calculated between the change in the
transmittance between highly coloured state and the bleached state at a particular
wavelength as shown in Figure 2-20.
This method can also be used to measure the switching time of the electrochromic
polymer or the device. Switching time is calculated as the time required to reach 95%
of the final contrast. A Shimadzu Photodiode array Multispec-1501 was used to
measure the transmittance at fixed wavelength with regard to the time.
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Figure 2-20 : Chronoabsorptometry experiment of PProDOT-Me2 monitored at λmax
= 578nm in 0.1 M TBAP/ACN where the potential is stepped between the neutral
stateand the oxidized (doped) state.
2.12 Chronocoulometry

In this experiment the potential of the working electrode is switched between the two
potentials E1 and E2, and the charge is measured with respect to the time. Initially
when the anodic potential is applied, a steep increase in the charge is observed which
is due to polymer oxidation and there is incorporation of the charge compensating
counter-ions through the polymer film. After a certain time interval when the
potential is reversed, the charge is expelled out of the polymer film. It is observed
that the charge does not completely level off and keeps on changing with time. This
is due to background current arising from the supporting electrolyte and solvent as
shown in Figure 2-21.
A potentiostat VoltaLab 50 (PST050) from Radiometer Analytical and Voltamaster 4
software containing a chronoamperometry program were used to switch the film
between two desired potentials for specific time intervals. The plot of current vs.
time was obtained which was later converted to charge vs. time.
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Figure 2-21 : Chronocoulometry of dimethyl PProDOT films at 578 nm on ITO
coated glass slide when switched between oxidised and reduced states.
2.13 Colouring efficiency

Colouration efficiency (η) is defined as the relationship between the injected/ejected
charge as a function of electrode area (Qd) and the change in the optical density ΔOD
at specific wavelength (λ). It is given by Equation 2.14.

CE (η)=

2.14

Where Δ OD =
Colouring efficiency is usually measured at 90% of optical density. The
transmittance (% T) of the fully reduced film (%Tred), that served as a baseline for
the change in percent transmission (Δ%T) value, and the transmittance of the fully
oxidised film (%Tox) were recorded. The difference between the two is 100% of the
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full switch Δ%T. Δ%T values for 95% of the full electrochromic switch was
determined by matching the time (tox), required to achieve the desired percentage in
switching to the corresponding density Qd in the chronocoulometry experiment.
%Tred in the chronoabsorptometry experiment (which displays transmittance as a
function of time when the device is switched between absorptive to transmissive
state) was used as a reference point from which the time required to achieve 90% of
the transmittance was measured. For example if it takes 0.9 sec to achieve 90% of the
full switch in the device. If the oxidative charge injection in the chronocoulometry
experiment begins after 10 seconds of being held at the reduced potential, then 0.9 is
added to 10 sec to yield the amount of charge required to reach 95% of the full
switch. The chronocoulometry experiment was setup before hand, allowing accurate
measurement of time.

2.14 Photopic contrast measurement

In order to have an accurate measurement of the optical contrast as a function of
switching the electrochromic device, photopic contrast values were determined for
the devices. Generally, switching of the electrochromic devices has been reported
either at λmax or has been reported at the wavelength of maximum sensitivity 555 nm,
for the eye. Although the maximum sensitivity is at 555 nm under daylight
conditions, the most appropriate way is to report the optical contrast across the entire
region of the visible spectrum. The equation used for converting a typical visible
spectrum to a photopically weighted spectrum is given by:

.

.
.

.
.

2.15

where T(λ) is the spectral transmittance of the device under test, S(λ) is the
normalised spectra emmittance of a 60000K blackbody and P(λ) is the normalised
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spectral response of the eye and λmax and λmin define the considered range of
wavelengths[34, 35].
In this experiment the device is switched between transparent bleached state and
coloured state by applying the potential between the two electrodes and the photopic
transmission is measured using a Hunterlab ColourQuest QE in the spectral range of
400 – 700nm.

2.15 Profilometry

The thickness of the polymer films on glass coated with ITO is measured using a
Veeco Detak 3030 surface measuring system. Measurement is made by
electromechanically moving the sample below the tip. A high precision stage moves
the sample beneath the stylus for specific length, speed and stylus force. As the
sample moves, the stylus rides over the surface causing the stylus to ride vertically
and produce an electrical signal.
In a routine experiment, the thickness of the polymer is measured for the polymer
films grown at different time intervals. In some cases, if the polymer film is
inhomogeneous, multiple measurements in different areas are taken and the average
values are used.
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3 NOVEL POLYMER ELECTROLYTES FOR ELECTROCHROMIC
APPLICATIONS

3.1

Introduction

There is increasing interest in the development of polymer electrolytes as
replacements for liquid electrolytes for applications in solid state electrochemical
devices, rechargeable batteries, and supercapacitors[1]. Liquid type electrolytes have
been widely used as they possess high conductivity due to high mobility of the
solvated ions. However, due to safety concerns involving leakage and flammability,
the use of liquid electrolytes has diminished[2].
A class of electrolytes based on Li+ ion polymers has attracted widespread interest in
recent years due to their potential applications, namely in solid-state rechargeable
batteries, fuel cells, sensors, electrochromic display devices and capacitors[3]. These
solid polymer electrolytes (SPE’s) offer a variety of advantageous properties that
includes high conductivity (σ ~ 10-3 S cm-1), light weight, transparency, flexibility,
thin film formation,

and a wide electrochemical potential window (0-4 V)[4].

Although these materials typically have poor mechanical properties[4], SPE’s offer
an advantage by solving the prevalent leakage issues of liquid base electrolytes as
well as preventing the formation of vapour pressure build up, while offering a
capability for high speed production[5].
Many types of polymer electrolytes such as poly(acrylonitrile)[6] , poly(propylene
oxide)[7,

8],

poly(methyl

methacrylate)[9],

and

poly(maleic

anhydride-

styrene)[8]have been studied. However, high molecular weight PEO based polymer
electrolyte is still most widely used in commercial application and in fundamental
research due to the ease of processing. Polymer electrolytes have been key in the
development of high-energy density and long – life lithium polymer batteries. PEOLiX complexes seem to be most suitable electrolytes for lithium polymer batteries.
Complexes of PEO with alkaline salts exhibit 10-8 – 10-7 S cm-1 conductivity at room
temperature which is too low for practical use as electrochromics[10]. The low
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conductivity was found to be a result of the high crystallinity of PEO at room
temperature. It is known that the conductivity mainly arises from the formation of
amorphous regions within the SPE. Therefore to improve the ionic conductivities of
the SPE, additives that induce amorphous region formation have been investigated,
such as doping with organic plasticisers, organic filler modifying the polymer chain
segments and employing polymer in salt materials [11-13]. Various types of
plasticising salts such as LiTFSI (lithium bistriflurosulfonylamide), LiClO4 (lithium
perchlorate), LiCF3SO3 (lithium triflurosulfonylamide) and plasticising solvents as
ethylene carbonate, propylene carbonate, diethyl phthalate, dioctyl sebacate have
been used to improve the conductivity of the polymer electrolyte[5]. Mixtures of
plasticising solvents such as propylene carbonate and ethylene carbonate promote
salt dissociation and this in turn reduces the Tg[14, 15] resulting in good flexibility
of polymer chains facilitating

ion transport[16]. However, problems such as

volatility associated with ethylene carbonate and propylene carbonate have
stimulated research on non-volatile plasticisers with low polarities oligoethers and
crown ethers, or materials with intermediate polarities aliphatic or aromatic diesters
as well as hybrid compounds based on oligoether-substituted ethylene carbonate[5,
13, 17, 18].
It has been observed that for high molecular weight PEO (Mw = 4 x 106 gm mol-1)
there is a crystalline gap over the range 6<PEO/Li<12 [19].

It has also been

observed by Labreche et al. [5] that O:Li mole ratios in the range of 8:1 O:Li to 12:1
are less prone to crystallise, giving the highly desirable electrolyte amorphous region.
Walker

and his co workers have also found that PEO:LiTFSI was a better

plasticising salt at all temperatures and 8:1 mole ratios gave better conductivities
when compared to other compositions[5].
Berthier et al. [20] have reported that a PEO:LiClO4 mixture in a mole ratio of 8:1 is
totally amorphous above the SPE melting temperature. Liu et al. [22] also observed
an optimum conductivity with 8:1 PEO:Li mole ratio. While increasing the salt
concentration increases the ionic conductivity, as the Li salt exceeds this level the
conductivity starts to decrease. The observed decrease in the conductivity was
attributed to a decrease in the ion mobility as a result of the formation of ion
aggregates. Additionally, as the salt concentration was increased, the mobility of the
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SPE polymer chains decreases

due to the transient cross-linking interaction of

lithium ion with the ether oxygen on the PEO segment resulting from the presence of
additional charge carriers[21-23].
Recently polymer electrolytes or gel polymer electrolytes containing room
temperature ionic liquids has gained commercial interest as they are known to
provide an alternative route to a solvent-free electrolyte system with potentially
higher ionic conductivities[2, 24]. Room temperature ionic liquids are molten salts
at room temperature that generally consist of an organic cation and inorganic anion.
The main advantages of using room temperature ionic liquid are that they are nonflammable, have a negligible vapour pressure[25], and possess high chemical and
thermal stability[26]. The hydrophobicity can also be tuned through varying the
cation and anion[27]. Watanabe et al. [28] speculated that,when using a room
temperature molten salt as an electrolyte salt in a polymer electrolyte, the molten salt
would function as a plasticising electrolyte towards the polymer. Such an interaction
results in the decoupling of the segmental motion of the polymer from the ionic
transport, resulting in a consistent increase in carrier density and mobility.
Wantanabe et al. [29] observed that these polymer complexes exhibited a high ionic
conductivity of 10−3S cm−1at room temperature, as well as providing other beneficial
properties such as wider electrochemical window, negligible volatility, non
flammability, and high thermal stability. However, since their ionic liquid (IL)
contained a halide anion,

problems such as hygroscopicity, low decomposition

temperature, and high viscosity were observed[29].
Solid polymer electrolytes consisting of high molecular weight PEO (Mw : 4 x 106)
mixed with LiTFSI and incorporating different N-alkyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide, (P1,A TFSI) ionic liquids had been reported.
Here P1,A TFSI containing various side alkyl group with different chain-length and
branching

i.e. n-propyl, sec-propyl, n-butyl, sec-butyl and n-pentyl were

incorporated into SPE and conductivities of > 104 S cm-1 was observed at low
temperatures[24].
Most studies have been made on high molecular weight (e.g. poly(ethylene) oxide,
PEO, (~106)) polymer complexes with alkaline metal salts with little attention given
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to low molecular weight polymers. High molecular weight polyether’s with these
salts have good mechanical characteristics, but low room temperature ionic
conductivity; 10-6 S/cm at 250C to 10-3S/cm at1000C[30]. It was also observed that
an increase in the molecular weight increases issues like light scattering, opacity,
shrinkage, cracking and crazing. They also prevent the mobility of dissolved redox
species[31]. In contrast, low molecular weight polymer additives yield viscous gel
like electrolytes with conductivities in the range of 10-5 S/cm at 250C to 10-3S/cm at
1000C. Importantly, low molecular weight polymer electrolytes offer good contact
between the adjacent device layers as they act like soft gels, are simple to process
and may provide (improved compatibility) with the electrochromic layers within the
device. It is also known that polymers below a critical molecular weight have
different viscosity and diffusion behaviours[32].
Room temperature molten salts such as P1,4 TFSI (N-butly-3methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide have been an area of interest both for
fundamental reasons, associated with their

low melting point and intrinsic ion

conductivity , and also for application in a variety of electrochemical devices [33,
34]. It is observed that decreasing the alkyl chain to produce dimethyl (P1,1) and
(P1,2) methyl ethyl derivates results in high melting point waxy solids with very low
conductivity[33]. This limits the practical usage of these ionic solids. Addition of
inert oxides such as TiO2, SiO2 to the polymer electrolytes provide an increasingly
interesting approach to conductivity modulation. These additives have demonstrated
improved mechanical stability, ionic conductivity, and electrode-electrolyte interface
stability[35]. Such polymer-matrix composites originate from inorganic-inorganic
composite solid electrolytes, where the conductivity enhancement is due to the
interface[8, 36-38]. The increase in the conductivity of the composite electrolyte will
depend upon the concentration and the particle size of the inert solid phase.
Generally the smaller the inert solid particles, the larger the conductivity
enhancement[35]. The improvement in the ionic conduction that has been observed
has been generally assigned to the decrease in polymer crystallinity after the addition
of the nanoparticles[39].
It was observed by Wang et al. [39] that the conductivity of the PEO:LiClO4 in mole
ratio 8:1 was enhanced by the addition of 10% TiO2 of size 15 nm. They proposed
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that the increase in the conductivity was due to nanoparticles size and large surface
area, which inhibit the PEO chain organisation

and, as a result, suppress the

crystallinity at room temperature leading to enhancement of the conductivity[39, 40].
Silica nanoparticles have also been dispersed in ionic liquid

1-ethyl-3-methyl

imidazolium bis(trifluoromethane-sulfonyl) amide (C2mim)(NTf2), from 2-5 wt%,
and have been reported to result in gellation due to the formation of an
interconnected silica IL network[41]. It was observed that there was a decrease in
conductivity with the addition of the nanoparticles, but the viscoelastic response,
such as shear thinning as well as a shear induced sol-gel transition were also
apparent. Composite polymer electrolytes based on poly(ethylene oxide) (PEO) have
also been reported using LiClO4 as doping salt with 10 nm SiO2 as filler. It was
observed that the ionic conductivity of the polymer electrolyte increased with the
increase in the amount of SiO2 upto a maximum of 10% SiO2. Beyond this loading
level a decrease in conductivity was noted[37, 42].

This part of the thesis aims to develop polymer electrolytes for application in
electrochromic devices with special attention on ionic conductivity, processing and
manufacturability of the polymer electrolyte on a commercial scale. The tailoring of
these polymer electrolytes to suit electrochromic applications is a highly novel
approach.
Based on the published information surveyed above, PEO of different molecular
weights (2K, 10K and 20K) were each mixed with two different salts (LiTFSI,
LiClO4) along with various plasticisers such as EC/PC or ionic liquid (N-butyl-3
methylpyridinium trifluoromethanesulphonylimide) in different weight ratios and the
properties of the electrolytes were studied. The use of ionic liquid (P1,4TFSI), Nbutyl-3 methylpyridinium trifluoromethanesulphonylimide was selected because it
has been used for conducting polymers supercapacitors due to its hydrophobic
characteristics[43], where water is well known to result in conducting polymer
degradation on extended redox cycling[44, 45]. It has also been successfully
demonstrated that the addition of P1,4TFSI enhances the ionic conductivity of PEObased electrolytes (SPEs) above 10−4 S cm−1 at room temperature without any
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decrease in the electrochemical stability window of the polymer electrolyte[46-48].
As it has been previously reported that decreasing the length of the alkyl chain in
P1,4 TFSI to (P1,1) and (P1,2) results in ionic solids with low conductivity. It would
be interesting to see the effects of addition of these ionic salts on viscosity,
conductivity and thermal properties (DSC, TGA) of the polymer electrolytes. We
have selected (P1,2TFSI) in order to determine the above mentioned properties.
Based on the expectation that there could be an enhancement in the ionic
conductivity of the electrolytes, a range of nanoparticles (TiO2, SiO2) were added to
the ionic liquid and to polymer electrolytes with optimal conductivity. The
transparency, ionic conductivity, and viscosity of these materials were analysed in an
appraisal of their suitability for application in electrochromic devices.

3.2

3.2.1

2,

Experimental Procedure

Materials / Electrolyte Preparation with ionic liquids and EC/PC

10,

and

20

kDa

polyethylene

trifluoromethanesulphonylimide

(LiTFSI)

oxide

(PEO)

(Aldrich),

lithium

(3M),

LiClO4

(Aldrich),

ethylene

carbonate (EC) (Aldrich), propylene carbonate (PC) (Aldrich), acetonitrile (ACN), (
N-butyl-3methylpyridinium trifluoromethanesulphonylimide (P14TFSI) (Merck)
were used as supplied without modification unless otherwise indicated.
Polymer electrolytes were prepared initially by mixing PEO:LiTFSI of different
molecular weights (2, 10, and 20 kDa) in a range of different mole ratios of 4:1, 6:1,
8:1 and 10:1 and dissolved in 25% w/v acetonitrile to determine the optimum salt
composition on the basis of viscosity, transparency and conductivity. To this gel
solution 25 %, 50 %, and 75 % w/w 3:1 mole ratio EC/PC or P14TFSI plasticiser was
added, and the electrolyte stirred for 24 hours. The acetonitrile solvent was then
allowed to slowly evaporate at room temperature and then further dried in vacuum
for a further 24 hours. The composition of the various electrolytes prepared is given
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in Tables 3-1 to 3-6. The quantity of plasticiser is expressed in weight percent (wt %)
of PEO and salt present.

Table 3-1 : PEO (Mw : 2000) + LiTFSI (8:1) + w/w % Plasticiser]

Sample ID (Mw : 2000)

Composition

X1

(PEO)8LiTFSI

X2

(PEO)8LiTFSI + 25% EC/PC

X3

(PEO)8LiTFSI + 50% EC/PC

X4

(PEO)8LiTFSI + 75% EC/PC

X5

(PEO)8LiTFSI + 25% P14TFSI

X6

(PEO)8LiTFSI + 50% P14TFSI

X7

(PEO)8LiTFSI + 75% P14TFSI
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Table 3-2 : PEO (Mw : 10,000) + LiTFSI (8:1) + w/w % Plasticiser

Sample ID (Mw : 10,000)

Composition

Y1

(PEO)8LiTFSI

Y2

(PEO)8LiTFSI + 25% EC/PC

Y3

(PEO)8LiTFSI + 50% EC/PC

Y4

(PEO)8LiTFSI + 75% EC/PC

Y5

(PEO)8LiTFSI + 25% P14TFSI

Y6

(PEO)8LiTFSI + 50% P14TFSI

Y7

(PEO)8LiTFSI + 75% P14TFSI

Table 3-3 : PEO (Mw : 20,000) + LiTFSI (8:1) + w/w % Plasticiser

Sample ID (Mw : 20,000)

Composition

Z1

(PEO)8LiTFSI

Z2

(PEO)8LiTFSI + 25% EC/PC

Z3

(PEO)8LiTFSI + 50% EC/PC

Z4

(PEO)8LiTFSI + 75% EC/PC

Z5

(PEO)8LiTFSI + 25% P14TFSI

Z6

(PEO)8LiTFSI + 50% P14TFSI

Z7

(PEO)8LiTFSI + 75% P14TFSI
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Table 3-4 : PEO (Mw : 2,000) + LiClO4 (8:1) + w/w % Plasticiser

Sample ID (Mw : 2,000)

Composition

A1

(PEO)8LiClO4

A2

(PEO)8LiClO4 + 25% EC/PC

A3

(PEO)8LiClO4 + 50% EC/PC

A4

(PEO)8LiClO4 + 75% EC/PC

A5

(PEO)8LiClO4 + 25% P14TFSI

A6

(PEO)8LiClO4 + 50% P14TFSI

A7

(PEO)8LiClO4 + 75% P14TFSI

Table 3-5 : PEO (Mw : 10,000) + LiClO4 (8:1) + w/w % Plasticiser

Sample ID (Mw : 10,000)

Composition

B1

(PEO)8LiClO4

B2

(PEO)8LiClO4 + 25% EC/PC

B3

(PEO)8LiClO4 + 50% EC/PC

B4

(PEO)8LiClO4 + 75% EC/PC

B5

(PEO)8LiClO4 + 25% P14TFSI

B6

(PEO)8LiClO4 + 50% P14TFSI

B7

(PEO)8LiClO4 + 75% P14TFSI
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Table 3-6 : PEO (Mw : 20,000) + LiClO4 (8:1) + w/w % Plasticiser

Sample ID (Mw : 20,000)

Composition

E1

(PEO)8LiClO4

E2

(PEO)8LiClO4 + 25% EC/PC

E3

(PEO)8LiClO4 + 50% EC/PC

E4

(PEO)8LiClO4 + 75% EC/PC

E5

(PEO)8LiClO4 + 25% P14TFSI

E6

(PEO)8LiClO4 + 50% P14TFSI

E7

(PEO)8LiClO4 + 75% P14TFSI

3.2.2 Materials and electrolyte preparation with Ionic solids (P12TFSI)

The materials used were:

20 kDa polyethylene oxide (PEO) (Aldrich), lithium

trifluoromethanesulphonylimide (LiTFSI) (3M), acetonitrile (ACN), and (Methylethylpyridinium trifluoromethanesulphonylimide (P12TFSI) that was made in house
with the standard methods described elsewhere[33].
Polymer electrolytes were prepared by mixing PEO:LiTFSI in an optimal 8:1 mole
ratio. The polymer-salt mixture was then dissolved in 25 % w/v acetonitrile. To these
gel solutions, 25 %, P1,2TFSI plasticiser was added and the electrolyte stirred for 24
hours. Addition of plasticiser concentrations higher than 25% lead to the formation
of crystallites and phase separation and were not investigated further. The polymer
electrolytes were left at room temperature to allow the acetonitrile solvent to slowly
evaporate, followed by further drying in vacuum for 24 hours.
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3.2.3 Materials for prepration of electrolytes with nanoparticles

The following materials were used: 20 kDa polyethylene oxide (PEO) (Aldrich),
lithium trifluoromethanesulphonylimide (LiTFSI) (3M), acetonitrile (ACN), (Nbutyl-3methylpyridinium trifluoromethanesulphonylimide (P14TFSI) (Merck), SiO2
nanoparticles R805 (kindly provided by Aerosil with average particle size of 10nm
and functionalised with octyl-methyl silane), and TiO2 nanoparticles P25 (kindly
provided by Degussa with an average particle size of 25nm).
The silica particles were dried in a vacuum oven at 800C before use. The water
content of the ionic liquid was determined by Karl Fischer titration and was found to
be 0.1 PPM.

3.2.3.1 Preparation of silica gel IL

1% and 5% silica dispersions in IL were prepared by mechanical mixing with a high
speed mixer for 10-15 minutes to produce homogenous mixtures. The samples
obtained were dried in vacuum for 24 hrs at 700C prior to measurements.

3.2.3.2 Preparation of SPE with silica nanoparticles

Polymer electrolytes were prepared initially by mixing PEO:LiTFSI Mw : 20,000 at
a mole ratio of 8:1 and dissolved in 25% w/v acetonitrile. To this gel solution 25%,
P14TFSI plasticiser was added. Silica nanoparticles 1% and 5% w/w were dispersed
in acetonitrile and sonicated for a period of about 50-60 mins. The dispersed silica
was then added to the gel polymer electrolyte solution and stirred for 24 hrs. The
acetonitrile solvent was then allowed to slowly evaporate at room temperature and
the polymer electrolyte was then further dried in vacuum for a further 24 hours.
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3.2.3.3 Addition of TiO2 in IL

1% and 5% w/w of TiO2was dispersed in ionic liquid using an ultrasonic probe for a
period of 40 minutes. The resultant electrolyte after sonication was further dried in
vacuum for 24 hrs at a temperature of 700C before measurement.

3.2.3.4 Preparation of SPE with TiO2 nanoparticles

1% and 5% w/w TiO2 nanoparticles were initially dispersed in acetonitrile using an
ultrasonic probe for a period of 40 minutes. Polymer electrolyte PEO:LiTFSI in an
8:1 mole containing 25% P1,4 TFSI ionic liquid plasticiser was slowly added to the
TiO2dispersion under

magnetic stirring for a period of 24 hrs. The polymer

electrolyte obtained was dried at room temperature and further dried in vacuum for a
period of 24 hrs at 500C to remove acetonitrile solvent.

3.2.4

Conductivity Measurements

Conductivity measurements were carried out using an in-house constructed multisample conductance cell, consisting of a block of 306 stainless steel with
thermostatically controlled heaters embedded. Into this block, six sample
compartments were machined as shown in Figure 3-1. The conductance cell was
sealed in an airtight container under a nitrogen atmosphere. The conductance path
was formed between the wall of the compartment and a central electrode within each
sample compartment. The calibration constant of each of the cells was determined by
calibration before and after each sample measurement with ca. 1 mL 0.01 M KCl; a
known solution with a conductivity of 1.409 x 10-3 S/ cm-1at 25 °C. The conductivity
of the samples were obtained by measurement of the complex admittance of the cell
between 20 Hz and 1 MHz using a HP4284A Impedance Meter, and determined
from the first real axis touchdown point in the Nyquist plot of the impedance data.
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The conductivity cell temperature was controlled from 250C to 650C with a
Shimaden digital temperature controller. A type T measurement thermocouple probe
was located in the stainless steel block in close proximity to the sample
compartments. The electrolyte conductivity was obtained from the cell constant and
measured resistance using Equation 3.1

К

,

3.1

,

where К

(KCl)

is the conductivity of standard KCl (1.409 x 10-3 S/ cm-1). Z

(RE, KCl)is

the measured intercept of real impedance at the real axis for the standard KCl
solution. Z (RE, elec) is the measured intercept of the impedance on the real axis for the
sample.
N2 in

N2 out

O-ring

Working Electrode
+

Electrolyte

Counter Electrode
Insulating
Teflon

316 Stainless

Heater

Steel Body

316 Stainless Steel
Working Electrode

Figure 3-1 : Schematic diagram of ionic conductivity impedance cell
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DSC Measurement

The thermal properties of the SPE samples were characterized by differential
scanning calorimetry (DSC) using a Perkin–Elmer Model 7 DSC. Measurements
were made at a scan rate of 10.0 °C/min over the range − 80 °C to 150 °C. All
samples were sealed in hermetic DSC pans under a nitrogen atmosphere.

3.2.6

Viscosity

Viscosity of the electrolytes (over the shear rate range 100 S-1 to 12000 S-1) was
determined using a Physica Anton Paar (MCR 300) controlled stress rheometer with
parallel plate geometry where 0.1mm of sample was placed between the two parallel
shear plates.

3.2.7

Transmission

Transmission of the electrolytes was measured using Hunter lab ColorQuestXE
spectrophotometer in the range of 400-700 nm. The electrolytes were sandwiched in
between the two glass slides which were spaced apart by 80 – 100 micron and the
photopic transmission spectra were recorded over the spectral range.
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Results and Discussions

Preliminary studies on SPEs without plasticiser were performed to
establish optimal compositions.

It was observed that the electrolytes obtained with 4:1 and 6:1 mole ratios were
highly opaque and therefore were not suitable for electrochromic devices as high
electrolyte transparency was highly important in these types of devices. The 8:1 and
10:1 mole ratio electrolytes were found to be transparent, amorphous and potentially
suitable for electrochromics applications.
The viscosity of amorphous unplasticised polymer electrolytes in the mole ratios
10:1 and 8:1 were determined. It was observed that the electrolyte with O:Li 10:1
ratio was found to be highly viscous as shown in the Figure 3-2. The viscosity could
not be measured at high shear rates as the torque required was beyond the range of
the instrument. For O:Li in mole ratio 8:1, the viscosity decreased with the increase
in shear rate. Shear thinning was observed at higher shear rate, indicating that this
electrolyte was non-Newtonian in nature. Summarising from the above, it can be
concluded that O:Li 8:1 was the optimal ratio of the polymer: salt for electrochromic
applications.
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Figure 3-2 : Viscosity of the polymer electrolyte PEO:LiTFSI with 10:1 and 8:1
mole ratios

The ionic conductivities of these unplasticised electrolytes were determined from
250C to 650C as these temperatures would be most typical in automotive
applications, and the results are shown in Figure 3-3. It was observed that the
conductivity of the electrolytes decreased with the increase in the salt content. The
decrease in conductivity with the high salt levels i.e. 6:1 and 4:1 PEO:Li may be due
to depletion of the free ethylene oxide (EO) units with increase in the salt content. It
is postulated that above a certain salt content, cation diffusion takes place through
cooperative jumps within the polymer matrix, and as a consequence a critical
concentration of free EO units must exist[19]. Below salt concentrations of 8:1 the
probability of finding free EO tends towards zero; resulting in a decrease in
conductivity. The conductivity of the polymer electrolyte at the 10:1 mole ratio was
found to be 5.21 x 10 -5 S/cm and was marginally higher than the 8:1 electrolyte 2.32
x 10-5 S/cm. This difference in ionic conductivity of the 10:1 electrolyte was due to
the availability of free EO units as described above. It has also been observed by
Marzantowincz et al. [49] that a significant decrease in conductivity occurs when
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PEO:LiTFSI electrolyte in 10:1 mole ratio is warmed from -200C to -40C with this
effect less pronounced for PEO:Li 8:1 mole ratio. The report coupled with the data
seen in Figure 3-2 would suggest that PEO:Li in a ratio 8:1 was optimal for
unplasticised polymer electrolytes.

Figure 3-3: Conductivity of the polymer electrolyte PEO:LITFSI without plasticiser
with different mole ratios of 4:1, 6:1, 8:1, and 10:1 from 250C to 650C.

DSC of the polymer electrolytes of different mole ratios of PEO:Li from 4:1 to 10:1
unplasticised was carried out and the results are shown in the Figure 3-4. The melting
point of the PEO:LiTFSI complex varies depending on the concentration of the
lithium concentration. When PEO:Li was in the ratio of 4:1 the melting point was
960C and decreases to 550C when the ratio was 6:1. Above this melting temperature,
the polymer electrolyte was completely amorphous and lithium ions are coordinated
with multiple ether oxygen atoms on the PEO chain. The ratio 8:1 and 10:1 was
found to be completely amorphous and no melting endotherm was observed. The
absence of melting point for these ratios is referred to as a crystallisation gap, where
the electrolytes are completely amorphous[19].
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Figure 3-4 : DSC of the polymer electrolyte PEO:LiTFSI without plasticiser in mole
ratios of 4:1, 6:1, 8:1 and 10:1.

On the basis of the above preliminary results, a range of polymer electrolytes were
prepared at the mole ratio 8:1 with two different types of salt, LiTFSI and LiClO4,
using different molecular weights of PEO (2K, 10K and 20K). The use of the
different molecular weights and salt additives were made to establish the optimal
viscosity and conductivity of various polymer electrolytes suitable for use in
electrochromic devices.
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Plasticised SPE systems

3.3.2.1 Viscosity measurement

The viscosities of the different electrolytes containing a range of molecular weights
of PEO (2K, 10K, 20K) was carried out with two different types of salt (LiClO4,
LiTFSI) in mole ratio (PEO:Li) of 8:1 with varying amounts of plasticiser (EC/PC,
P1,4 TFSI) w/w (25%, 50%, 75%) are shown in Figure 3-5 to 3-10.
Ionic liquid was considered as the base line for designing these electrolytes. It can be
observed that the viscosity of the electrolytes increases with the increase in the
molecular weight for both salts (LiTFSI, LiClO4). For neat IL (P1,4 TFSI), the
viscosity was observed to be independent of the shear rate, indicating that the ionic
liquid behaved as a Newtonian fluid within the measured range of shear rate range.
The shear-independent viscosity was found to be similar to reported values for P1,4
TFSI at 0.085 Pa s at 250C [33].
The viscosity of polymer electrolytes without the plasticiser (A1, B1, E1, X1, Y1,
Z1) decreased with increasing shear rate, indicating that the electrolytes were nonNewtonian in nature. Addition of low molecular weight organic plasticiser (EC/PC)
in the electrolytes (A2-A4, B2-B4, E2-E4, X2-X4, Y2-Y4, Z2-Z4) decreased the
viscosity of the electrolytes, and the viscosity became independent of the shear rate
with increase in plasticiser content. This can be attributed to the fact that these
diluents have high permittivities (PC, ε = 65) (EC, ε = 90) which promote salt
dissociation, and as a result the Li+ ions from the salt can readily coordinate with the
EO segments and subsequently leading to the decrease in viscosity with the increase
in the organic plasticiser content[50].
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Figure 3-5 : Viscosity of the polymer electrolyte PEO:LITFSI Mw: 2000 in mole
ratio 8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%, 50%
and 75%.

Figure 3-6 : Viscosity of the polymer electrolyte PEO:LITFSI Mw: 10,000 in mole
ratio 8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%, 50%
and 75%.
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Figure 3-7 : Viscosity of the polymer electrolyte PEO:LITFSI Mw: 20,000 in mole
ratio 8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%, 50%
and 75%.

Figure 3-8 : Viscosity of the polymer electrolyte PEO:LiClO4 Mw: 2000 in mole
ratio 8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%, 50%
and 75%.
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Figure 3-9 : Viscosity of the polymer electrolyte PEO:LiClO4 Mw: 2000 in mole
ratio 8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%, 50%
and 75%.

Figure 3-10 : Viscosity of the polymer electrolyte PEO:LiClO4 Mw: 20,000 in mole
ratio 8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%, 50%
and 75%.
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For the polymer electrolytes containing ionic liquid as a plasticiser (A5-A7, B5-B7,
E5-E7, X5-X7, Y5-Y7, Z5-Z7) , the viscosity decreased with increase in shear rate.
This effect is called shear thinning and this is derived from the shear-induced
disruption of inter-particle physical bonds.

This type of behaviour is typically

observed in colloidal particle dispersions[51]. Increase in the ionic liquid content
from 25% to 75% also decreased the viscosity in comparison to (PEO:LiX) complex.
This effect may be due to the Li+ ion coordination with the ether group of PEO,
indicating that ionic liquid is acting as a plasticiser.
Interestingly it was observed that there was an increased viscosity for the LiClO4
polymer complex as compared to LiTFSI. This can be attributed to the size of the
anion in LiClO4. Since the size of anion ClO4- is small when compared to TFSI- it
does not assist in ion solvation in the polymer electrolyte. Subsequently ion pairing
of the Li+ ion in LiClO4may result, as it cannot coordinate effectively with the ether
group of PEO. As a result there will be an increase in viscosity of these polymer
electrolytes. Similar effects, that bulky anions can assist in ion solvation and prevent
ion pairing, was observed by Allocock et al. [52]. The extent of ion pairing is found
to be greater for the PEO:LiClO4:IL complex of Mw:2000 where the viscosity of the
electrolyte containing 25% IL is higher than PEO:LiClO4 complex without the
plasticiser.
The viscosity of the polymer electrolytes (Mw:20K) containing LiClO4 (Figure 3-10)
could not be measured at higher shear rates as the torque required for these
measurements was beyond the range of the instrumentation.
From the above viscosity results, it can be concluded that the electrolytes containing
25% w/w of the plasticiser were more viscous in comparison to pure ionic liquid.
Secondly, these electrolytes were comparatively easy to handle for device fabrication
in comparison with the electrolytes which had no plasticiser.

High viscosity

electrolytes were difficult to backfill into electrochromic devices while drop casting
results in non-uniform layering

thus making processing difficult for large size

devices > 100 cm2 on a commercial scale.
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3.3.2.2 Conductivity Measurement

Conductivity of the electrolytes containing different molecular weight PEO (2K,
10K, 20K) was measured with two different types of salt (LiTFSI, LiClO4) in the
PEO:Li mole ratio 8:1. Plasticiser content of EC/PC, P1,4 TFSI at w/w (25%, 50%,
75%) were studied and the results are shown in Figures 3-11 to 3-16. Ionic liquid
was selected as the base line in designing of the polymer electrolyte as they have
optimal conductivity. Ionic conductivity of ionic liquid at room temperature was
found to be 2.50 x 10-3 S/cm, consistent with previously reported values[33]. The
conductivity of the ionic liquid increased with the increase in temperature. This
behaviour is a well known phenomenon as it produces faster movement of the ions
and consequently increases the ionic conductivity[53].

Figure 3-11: Conductivity of the polymer electrolyte PEO:LiTFSI Mw: 2000 in
mole ratio 8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%,
50% and 75%.
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Figure 3-12 : Conductivity of the polymer electrolyte PEO:LiTFSI Mw: 10,000 in
mole ratio 8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%,
50% and 75%.

Figure 3-13 : Conductivity of the polymer electrolyte PEO:LiTFSI Mw: 20,000 in
mole ratio 8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%,
50% and 75%.
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Figure 3-14 : Conductivity of the polymer electrolyte PEO:LiClO4 Mw: 2,000 in
mole ratio 8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%,
50% and 75%.

Figure 3-15 : Conductivity of the polymer electrolyte PEO:LiClO4 Mw: 10,000 in
mole ratio 8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%,
50% and 75%.
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Figure 3-16 : Conductivity of the polymer electrolyte PEO:LiClO4 Mw: 20,000 in
mole ratio 8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%,
50% and 75%.
Conductivity of the polymer electrolytes without the plasticiser was found to be in
the range of 10-5 S/cm to 10-6 S/cm at room temperature. The low conductivity of the
unplasticised PEO:LiClO4 complex as compared to equivalent PEO:LiTFSI complex
was due to the size of the ClO4- anion being small resulting in ion association and
which in turn reduces the mobility of the ions[52].
Conductivity of the polymer electrolytes containing EC/PC as plasticiser was higher
than that of ionic liquid as a plasticiser. This enhanced conductivity may be due to
the interaction between PEO, EC/PC, and LiX. The oxygen of C-O of the organic
carbonate plasticiser is an electron donor which enters in to competition with the
ClO4-, TFSI- and PEO[54]. Ion-ion interactions between Li+ cations and ClO4/TFSI
anions, ion-dipole interaction between Li+ cations and carbonyl oxygen in PEO, ionmolecule interaction between Li+ and EC/PC are all possible[54]. These interactions
are of importance to form PEO-LiX-EC/PC polymeric electrolyte, in which three
different compounds PEO-Li+, PEO-Li+-EC/PC and Li+-EC/PC exist. The addition
of EC/PC initially leads to the formation of Li+-EC/PC complex, which will reduce
the fraction of PEO-Li+ complex and increase the flexibility of PEO chains. The
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increase in the flexibility in the PEO is observed through the decrease in the viscosity
with the addition of the plasticiser (see section 3.3.3). The Li+-EC/PC interaction is
much weaker than the PEO-Li+. With the increase in the % of EC/PC, the formation
of PEO-Li+-EC/PC complex increases. As a consequence the Li+ ion will prefer to
move via this new path as the medium is less viscous, and therefore enhances ionic
mobility[54].
At room temperature, the conductivity of the polymer electrolyte containing ionic
liquid as a plasticiser was higher than non-plasticised electrolyte. The same trend is
observed with the rise in temperature. The increase in conductivity was a result of the
ionic liquid acting as a plasticiser that enhanced the flexibility of the polymer chains
thereby increasing the mobility of the ions. However, the decreased conductivity of
the polymer electrolytes containing ionic liquid as a plasticiser, as compared to
EC/PC, may be due to the anion TFSI- of the ionic liquid having a higher affinity
towards the Li+ cation. Consequently, the chances of forming ion aggregates
increases, resulting in the decrease in the mobility of the lithium ions and thus in the
decrease in conductivity. Lewandowski[55] suggested that the addition of a
plasticiser like propylene carbonate resulted in a decrease in the formation of ion
aggregates. The increase in the amount of ionic liquid from 25% to 75% in the
electrolytes does not significantly increase the conductivity of the electrolytes as
compared to EC/PC. However IL clearly decreases the viscosity of the electrolytes,
suggesting that it is successfully acting as a plasticiser.
It was observed that the polymer molecular weight does not play an important role in
the ionic conductivity of the electrolyte. The conductivity of the electrolytes
increases marginally with the decrease in the molecular weight; which is shown in
Figure 3-17. This may be due to the fact that low molecular weight electrolytes were
less viscous and as a result have better ion mobility.
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Figure 3-17 : Conductivity of the polymer electrolyte PEO:LiTFSI Mw: (2,000,
10,000 and 20,000) in mole ratio 8:1 and (25%) IL as plasticiser.

3.3.2.3 DSC

The DSC of ionic liquid P1,4 TFSI was determined and was found to have a
crystallisation temperature of -510C and a melting temperature of -50C The observed
melting temperature was slightly higher than reported by MacFarlane et al. [33] (180C). This difference may be due to some impurities in the ionic liquid. The
crystalline melting point of PEO varies with the molecular weight. Low molecular
weight (Mw: 2000) PEO has a melting point of 600C, while PEO of molecular
weights Mw: 10,000 and Mw: 20,000 have melting points of 650C and 740C
respectively. From the DSC (Figure 3-18 to 3-23) it was observed that there was a
rapid decrease in the level of crystallinity on addition of the lithium salt; with the
unplasticised polymer electrolyte becoming totally amorphous at 8:1 PEO:Li mole
ratio; the glass transition temperature of the electrolyte was dependent on the salt in
the system. It has been reported that the glass transition temperature of PEO
(Mw:4000):KSCN in 0.6 weight fraction was -50C and PEO (Mw:4000):LiSCN in
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the same weight fraction was found to be 280C[56]. The glass transition temperature
of PEO (Mw:20,000) in mole ratio 8:1 (PEO:Li) for the PEO:LiClO4 complex was
found to be 350C (Figure 3-23) and PEO:LITFSI complex was 300C (Figure 3-20).
On addition of the plasticiser (EC/PC or ionic liquid) to the polymer electrolytes, the
glass transition temperature was decreased (Figures 3-18 to 3-23). The decrease in
Tg indicates that the flexibility of the chain increased along with the amorphous
nature of the electrolyte[57]. No separate glass transitions were found on addition of
the plasticiser, indicating that the system was homogenous and no phase separation
was found in the electrolytes.

Figure 3-18 : DSC of the polymer electrolyte PEO:LiTFSI Mw: 2,000 in mole ratio
8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%, 50% and
75%.
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Figure 3-19 : DSC of the polymer electrolyte PEO:LiTFSI Mw: 10,000 in mole ratio
8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%, 50% and
75%.

Figure 3-20 : DSC of the polymer electrolyte PEO:LiTFSI Mw: 20,000 in mole ratio
8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%, 50% and
75%.
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Figure 3-21 : DSC of the polymer electrolyte PEO:LiClO4 Mw: 2,000 in mole ratio
8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%, 50% and
75%.

Figure 3-22 : DSC of the polymer electrolyte PEO:LiClO4 Mw: 10,000 in mole ratio
8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%, 50% and
75%.
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Figure 3-23 : DSC of the polymer electrolyte PEO:LiClO4 Mw: 10,000 in mole ratio
8:1 with EC/PC and IL as plasticiser and varying plasticiser content 25%, 50% and
75%.
The effect of increasing the amount of ionic liquid in the polymer electrolyte was
observed in Figure 3-24. It was found that adding a substantial amount of ionic
liquid, up to 400% w/w, does not lead to any phase separation in the polymer
electrolyte; indicating that there was strong coordination between the ionic liquid and
the polymer salt matrix. Only by increasing the amount of ionic liquid to 900% w/w
and above, a discrete IL melting point be observed due to the presence of ionic liquid
that does not interact with the SPE. The presence of the IL endotherm indicates that
phase separation was occurring in this composition.
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Figure 3-24 : Different composition of IL in (PEO)8: LiTFSI polymer electrolytes

3.3.2.4 TGA

Thermal stability is an important factor for the electrolyte for the application of the
material in electrochromic devices. It is used to study the thermal degradation, phase
transition and crystallisation of the polymers. For the electrolyte to be used in an
electrochromic device, the electrolyte should have relatively good thermal stability.
Thermal analyses of the electrolytes were carried out for the electrolytes which do
not contain plasticiser and one which contained 25% w/w EC/PC and IL as a
plasticiser.It was observed that the electrolytes PEO:LITFSI with no plasticiser were
thermally stable up to 3800C, (Figure 3-25). However as the conductivity was lower
and the viscosity was too high, as compared to the ionic liquid required, this
electrolyte is an unsuitable candidate for electrochromic applications. The required
decrease in viscosity and the increase in the conductivity can be obtained by the
addition of a plasticiser. Electrolytes plasticised with 25% w/w EC/PC exhibited
initial decomposition loss around 1000C. This weight loss can be attributed to the
loss of solvent from the electrolytes. The polymer electrolytes lost approximately
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22% of the plasticiser at temperatures up to 3400C. A second weight loss was
observed at 3550C which is attributed to polymer degradation.
In the case of polymer electrolytes containing IL 25% w/w as a plasticiser, the
electrolyte remained stable up to 3550C. As observed for the other electrolytes, above
3550C a sudden weight loss was observed that again may be attributed due to the
decomposition of the PEO:LiTFSI and IL.

Figure 3-25: TGA of the polymer electrolyte PEO:LiTFSI Mw: 20,000 in mole ratio
8:1 with EC/PC and IL (25%) as plasticiser.

In the case of PEO:LiClO4 complex, the polymer electrolyte showed an initial weight
loss in the temperature range of 125-1500C (Figure 3-26). Similar behaviour has
been observed by Jacobs et al. [58]. The polymer electrolyte which contains EC/PC
as the plasticiser showed a similar behaviour to the PEO:LiTFSI:ECPC electrolyte
where the polymer electrolyte lost around 24-25% of plasticiser content from 1500C
to 3000C. Above this temperature, thermal decomposition of the electrolyte was
observed. Interestingly, the electrolyte which contained IL as a plasticiser behaved in
a similar way to the unplasticised equivalent, however it thermally degraded at 3000C
which can be attributed to the presence of ionic liquid. In summary, the TGA of the
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polymer electrolyte containing LiTFSI was found to be thermally more stable over a
wider temperature range as compared to the LiClO4 complex.

Figure 3-26 : TGA of the polymer electrolyte PEO:LiClO4 Mw: 20,000 in mole ratio
8:1 with EC/PC and IL (25%) as plasticiser.

3.3.2.5 Transparency of polymer electrolyte

For the electrolytes to be used in electrochromic applications, the transparency of the
electrolyte plays an important role. Transparency of the electrolyte will be affected
by the thickness of the electrolyte in between the two conducting electrodes. In this
study, electrochromic devices were assembled have a spacing of 80 – 100 microns
between uncoated ITO glass surfaces. It was observed that the electrolytes were
found to be highly transparent in the visible spectral range. The photopic
transmission, i.e. the average transmission over the entire spectral range, was found
to be in the range of 89% - 90% for assembled devices (Figures 3-27 to 3-28). Pure
P1,4 TFSI ionic liquid was observed to have a transmission of 90%. These results
indicated that all of the electrolyte formulations studied had transmissivity suitable
for application in electrochromic devices.
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Figure 3-27: Photopic transparency of the polymer electrolyte PEO:LiTFSI Mw:
2,000, 10,000, 20,000 in mole ratio 8:1 with EC/PC and IL as plasticiser and varying
plasticiser content 25%, 50% and 75% and ionic liquid.

Figure 3-28 : Photopic transparency of the polymer electrolyte PEO:LiClO4 Mw:
2,000, 10,000, 20,000 in mole ratio 8:1 with EC/PC and IL as plasticiser and varying
plasticiser content 25%, 50% and 75% and ionic liquid.
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Addition of Room temperature Ionic salts (waxes)

As ionic liquids such as (P1,4 TFSI) are room temperature molten salts, it has been
observed that decreasing the alkyl chain to P1,1 TFSI and P1,2 TFSI resulted in
salts with high melting points[33]. These salts are solid at room temperature. In the
previous Section 3.3, it has been observed that addition of these ionic liquids such
as P1,4 TFSI acted as a non-volatile plasticiser resulting in a decrease in viscosity
and increase in the conductivity of the polymer electrolytes.
In this section we have added P1,2 TFSI (ionic salts) as a non volatile plasticiser
and studied the effects on conductivity, viscosity and thermal properties of polymer
electrolytes.

3.4.1

Result and Discussion of the electrolytes containing Ionic solids

3.4.1.1 Viscosity

As discussed previously, the viscosity of the unplasticised polymer electrolyte
without IL is much higher than the pure P1,4 TFSI ionic liquid. Addition of P1,2
TFSI as a plasticiser decreases the viscosity of the polymer electrolyte, as shown in
Figure 3-29. The viscosity of this polymer electrolyte decreased at higher shear rate,
indicating a non Newtonian behaviour as shear thinning occurs at higher shear rates.
The viscosity of the polymer electrolytes containing P1,2 TFSI as a plasticiser was
also found to be marginally lower than the P1,4 TFSI equivalent. These viscosity
results indicated that P1,2 TFSI was acting as an effective plasticiser in the polymer
electrolyte system and was worth pursuing as a novel electrolyte system.
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Figure 3-29 Viscosity of P1,2TFSI SPE, PEO:LiTFSI:IL(25%) (PEO:Li (8:1)) SPE,
Ionic liquid.

3.4.1.2 Conductivity

P1,2 TFSI, a salt at a room temperature, was found to have a conductivity of 2.74 x
-8

10 S/cm at room temperature (Figure 3-30). The conductivity of the P1,2 TFSI was
observed to increase with increasing temperature, and reaches the maximum value of
-6

1.31 x10

S/cm at 650C. When 25% P1,2 TFSI was mixed with the polymer

electrolyte which contained PEO:Li in mole ratio 8:1,

the conductivity of the

electrolyte increased and was found to be similar to the P1,4 TFSI equivalent and
comparatively higher than the polymer electrolyte without plasticiser. This indicated
that P1,2TFSI was coordinating with PEO and increasing the flexibility of the
polymer chain in a similar fashion to the P1,4 TFSI analogue and, as a result,
increased the ionic conductivity. This result also provides further evidence that P1,2
and P1,4 TFSI contribute to the plasticisation of the polyelectrolyte while the
conductivity arises from the Li- salt additive component.
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Figure 3-30: Conductivity of P1,2TFSI, P1,2TFSI SPE, PEO:LiTFSI:IL(25%)
(PEO:Li (8:1)) SPE, Ionic liquid.

3.4.1.3 Thermal analysis

P1,2 TFSI was observed to have a melting point at 900C but when mixed with the
polymer electrolyte containing LiTFSI in a ratio of 8:1 no melting endotherm was
observed. This polymer electrolyte was found to be completely amorphous in nature
as shown in Figure 3-31. The TGA of the polymer electrolyte was found to be
thermally stable up to 3000C, again indicating the applicability of these electrolytes
in electrochromic devices (Figure 3-32).
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Figure 3-31: DSC of P1,2TSI, PEO:LiTFSI:P1,2TFSI(25%) SPE where O:Li (8:1)

Figure 3-32 : TGA of PEO:LiTFSI:P1,2TFSI(25%) SPE where PEO:Li (8:1)
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Addition of Nano particles

It has been previously reported that addition of nanoparticles such as TiO2 to
PEO:LiClO4[39] and PMMA:LiClO4[9] electrolyte increases the conductivity of
the polymer electrolytes. Ueno et al. [41] had also added SiO2 nano particles to 1ethyl-3-methyl imidazolium bis(trifluoromethane-sulfonyl) amide which resulted in
slight decrease in conductivity but resulted in gellation of electrolytes. This
gellation would prevent leaking when used in electrochemical devices.
Addition of nano particles such as TiO2 and SiO2 not only increases the conductivity
but also changes the mechanical properties of the electrolyte. In the section below
we have reported the effects on conductivity, transmission and viscosity on addition
of TiO2 and SiO2 nano particles to polymer electrolytes.

3.5.1

Result and Discussion of the electrolytes containing nano particles.

3.5.1.1 Transparency of the electrolytes containing nanoparticles

The electrolytes obtained by the addition of TiO2 to the ionic liquid and polymer
electrolyte were found to be non-transparent at all loading levels which limited the
usage of these electrolytes in transmissive electrochromic applications. The
transparency of the electrolyte containing SiO2 was found to be in the 88-91%T
range, Figure 3-33. It was observed that the transparency of the polymer electrolyte
containing 1% and 5% w/w SiO2 was slightly lower than the polymer electrolyte
without SiO2. An ideal electrochromic device should have a high transmission in the
bleached state and vice versa. Use of an electrolyte with such a low transmission
range would limit its application in electrochromic devices.
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Figure 3-33 : Photopic transparency of electrolytes containing SiO2 nanoparticles.
3.5.1.2 Conductivity measurement

It was observed that the conductivity of the electrolytes increased marginally by
addition of 1% w/w SiO2 nanoparticles at room temperature and followed the same
trend at elevated temperatures, as shown in Figure 3-34. The conductivity in these
electrolytes was primarily due to the presence of ionic liquids at low SiO2 content.
Conductivity was observed to drop with the addition of 5% w/w SiO2. A similar
effect was observed by Ueno et al. [41] where 5% w/w SiO2 was added to the ionic
liquid 1-ethyl-3-methyl imidazolium bis(trifluoromethane-sulfonyl).
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Figure 3-34: Conductivity of the ionic liquid with different weight % of SiO2
nanoparticles.

These results suggest that silica-based nanocomposite ion gels can be characterized
as phase separated binary systems where the ionic transport is considered to be
affected by the obstruction provided by the interconnecting silica network. The large
open structure derived from the lower concentration of the gelling agent minimizes
the obstruction of ionic migration in the nanocomposite ion gels[41]. Due to the
gelation afforded by even the addition of a small amount of silica particles, the
reduction in the total ionic carrier concentration is kept to a minimum. Consequently
the ionic conductivity of the nanocomposite ion gels containing 5% w/w silica was
comparable with the pure ionic liquid.
In the case of polymer electrolytes, the conductivity of the polymer electrolytes
decreased with the addition of SiO2 (Figure 3-35). Fan et al. [42] have prepared
polymer electrolytes of PEO:LiClO4 and added different amounts of SiO2 (2%, 5%,
10%, and 15%) in the electrolyte. They observed that there was an increase in the
conductivity of the electrolyte upto 10% and after which the conductivity dropped. In
the case of our polymer electrolytes plasticised with IL, there was a decrease in the
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conductivity after addition of 5% SiO2that may be obstructing the movement of the
ions in the polymer electrolyte and thereby acting as mere insulators[35].

Figure 3-35 : Conductivity of polymer electrolytes containing different % of SiO2
nanoparticles.
3.5.1.3 Viscosity

To determine the effect of the nanoparticles in the electrolyte, viscosity
measurements were carried out. It was observed that for the neat IL the viscosity
was independent of the shear rate, indicating that the ionic liquid behaved as a
Newtonian fluid in the measured shear rate. On the other hand the viscosity of the
dispersion with 1% and 5% w/w SiO2 plasticised with ionic liquid decreased with the
increase in shear rate. Such shear thinning behaviour derived from shear induced
disruption can be observed in colloidal particles. Addition of the SiO2 nanoparticles
(1% and 5% w/w) to the polymer electrolyte containing 25% IL as plasticiser
resulted in increased viscosity as compared to the electrolyte with 25% ionic liquid.
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The viscosity of the SiO2 added polymer electrolytes decreases with increase in shear
rate, as shown in Figure 3-36.

Figure 3-36 : Viscosity of the Ionic liquid (P1,4 TFSI) and Polymer electrolytes
containing 1% and 5% w/w SiO2.

3.6

Conclusions

Different Mw PEO (2,000, 10,000 and 20,000) were mixed with two different salts
(LiClO4 and LiTFSI) along with two different types of plasticiser (EC/PC and IL). It
was observed that addition of plasticiser improved the ionic conductivity and
decreased the viscosity of the electrolytes. The transparencies of these electrolytes
were found to be in the range of 89-90%. DSC of these electrolytes revealed that
these electrolytes are highly amorphous in nature and no phase separation was
observed. Conductivity of the polymer electrolytes increases marginally with the
decrease in the molecular weight for both the salts LiTFSI and LiClO4 in mole
content O:Li (8:1), containing same amount of plasticiser. It can also be concluded
that the conductivity of the polymer electrolyte with 25% of ionic liquid (P1,4 TFSI)
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as a plasticiser with LiTFSI salt was found to be 10-4 S/cm as compared to 10-5 S/cm
for LiClO4 in the same mole ratio 8:1 (O:Li). At the same time, the viscosity of
polymer electrolytes containing LiTFSI as salt was found to be lower than that of
LiClO4 as a salt. TGA of polymer electrolyte containing EC/PC as a plasticiser
showed an initial loss at 1000C as compared to ionic liquid (P1,4TFSI) which shows
a weight loss at 3550C. This indicates that the thermal stability of the electrolytes is
quite high when ionic liquid is used as plasticiser. From the above, it can be
concluded that polymer electrolytes with Mw 20,000 and 25% plasticiser were found
to have reasonably high viscosity, transparency and comparable ionic conductivity
with respect to ionic liquid alone; indicating their applicability in electrochromic
devices.
Room temperature ionic salts (P1,2TFSI) were added to polymer electrolytes instead
of ionic liquid. This resulted in an increase in conductivity and decrease in viscosity;
suggesting that P1,2TFSI was contributing to the plasticisation of the polyelectrolyte
and can be used for the application of electrochromic devices.
Nanoparticles of TiO2 , SiO2 were added to the polymer electrolytes in order to study
their effects on transparency, conductivity and viscosity of these electrolytes.
Addition of TiO2 nanoparticles resulted in an opaque electrolyte which limits its
application in electrochromic devices. Ion gels (ionic liquid containing SiO2)
exhibited comparable conductivity in comparison to ionic liquid. The relatively high
conductivity can be attributed to high ionic mobility and high ionic concentration
arising from the fact that the nanocomposites are phase separated systems containing
a small amount of silica nanoparticles that form interconnecting networks. In the case
of the polymer electrolyte, the conductivity decreases with the addition of SiO2. The
decrease in conductivity was due to restriction of the ionic movement caused by
these nanoparticles. As for viscosity, in either case the viscosity increased with the
addition of the nanoparticles.
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4 ELECTROCHROMIC DEVICES UTILISING VAPOUR PHASE
POLYMERISED CONDUCTING POLYMERS

4.1

Introduction

Electrochromic devices are found to be useful for a variety of switchable windows,
electromagnetic shutters and display technologies[1]. Electrochromic devices with
high contrast are of great interest for their application in large area displays,
automatic dimming mirrors and dialled tint windows. There are three major classes
of materials that are involved in the construction of electrochromic devices[2].
The first class of electrochromic materials are molecular dyes such as Prussian
blue[3, 4], and Viologen[5]. The switching time of an electrochromic device will be
dependent on how the device is fabricated. Dyes that are deposited directly on to
electrodes generally exhibit fast switching times, however those which are dispersed
or dissolved in to the electrolyte are limited by diffusion to the electrode surface and
as a result have slower switching times. Electrochromic devices that have been
constructed utilised dyes such as Viologen that is transparent when no potential is
applied and is opaque dark green on application of a voltage[6].
The second class of electrochromic materials consists of metal oxides films that are
commonly prepared as oxides of tungsten, nickel, and molybdenum through sol-gel,
electrochemical and sputtering techniques [7-9]. The behaviour of the metal oxide
electrochromic device is dependent on the pH, moisture and exposure to the
atmosphere and have switching times in the order of 15-60s for their conversion from
bleached state to coloured state and vice versa[10-15].
Of direct and relevant interest to the work reported in this chapter, the third class of
electrochromic materials composes of conducting polymers (CP).CPs have been
employed in a range of applications including sensors, actuators, LEDs and
electrochromic devices (ECDs)[16].Conducting polymer such as (poly (3,4ethylenedioxythiophene)) PEDOT [1, 4], (poly(3,4-propylene dioxythiophene))
PProDOT [17-20], (polyaniline) PANI [21, 22], (polypyrrole) PPy [23], substituted
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polypyrrole (ProDOP)[24, 25], and substituted N-methyl carbazole[26, 27] have
been widely used as electrochromic materials. Typically thin CP films used in ECDs
are deposited onto conductive ITO glass or PET by electrochemical polymerisation
[28-30]. Functionalisation of the above mentioned polymers with a solubilising
pendant group gives electrochromic materials that can be processed by spin coating,
solvent casting, spray coating and printing [20, 31, 32].
For conducting polymers, the optical states are changed by creating an electronic
state with electronic transitions at lower energies, ie π – π* transitions. By varying
the electronic nature of the backbone, and the steric interactions between repeat
units, the band gap can be tailored and ultimately the colouration of the polymer
[33].
Electrochromic devices have been prepared by sandwiching electrolyte between
conducting polymer deposited on ITO and a bare ITO spaced apart. The problem
with this design was that degradation of the electrolyte occured due to the absence of
effective counter ion and thus limits the functionality of the device[1]. To overcome
this draw back, dual polymer electrochromic devices with two complementary
conducting polymers have been developed [1, 26, 34].
In the case of dual polymer electrochromic windows, one of the conducting polymers
will be a cathodically colouring polymer. This electrochrome is generally a low band
gap material with an energy gap close to near-IR to visible region of the spectrum.
Conducting polymers such as PEDOT, and its derivative ProDOT, upon oxidation
will give rise to lower energy transitions in the near-infrared region at the expense of
the interband transition, which loses its intensity. As a result the material becomes
transmissive or lightly coloured in the visible region. Upon reduction, this material
returns to the interband transition absorption in the visible region.
The other side of the device consists of an anodically colouring polymer such as PPy
or PAni which are usually high band gap polymers with π-π* electronic transitions
extending from the high energy end of the visible region to the ultraviolet region. In
the reduced form the polymer becomes transmissive to the major portion of the
visible spectrum. Upon oxidation, charge carrier absorption is induced in the visible
region, resulting in an opaque or coloured state.
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The dual polymer electrochromic devices have a structure that is portrayed in Figure
4-1. When a suitable potential is applied, one of the polymers becomes doped and,
consequently the other side is rendered neutral, making the device transmissive or
absorptive. Reversal of the potential oxidises the neutrally charged polymer, with
concurrent reduction of the oxidised polymer inducing colour formation or
bleaching.

A
B
B

C
E

D

A
A: Glass
B: ITO
C: Anodically conducting polymer
D:Electrolyte
E:Cathodically conducting polymer

Figure 4-1 : Schematic diagram of a dual polymer electrochromic device.

The main advantages of using conducting polymers in electrochromics are: firstly,
the switching occurs at low potential and gives rise to a large change in optical
density[19]; secondly, conducting polymers exhibit reversible optical transitions
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over a large number of coloration / bleaching cycles as a result of an applied voltage
pulse[34, 35]. Due to these properties these materials have great potential for
application in displays, rear view mirrors and smart windows [36].

There are various ways by which a conducting polymer is deposited on to ITO
coated glass or PET. These include electrochemical deposition, spin coating and
spray coating[20, 37, 38]. Electrochemical deposition has been widely accepted as it
provides reasonable control over film thickness, uniformity and conductivity for
small devices. However this approach becomes more difficult as larger surface area
coatings are required. This limitation has driven device development towards
solution processable ways. Generally, conjugated polymers require good π orbital
overlap, which stiffens the polymer chain and reduces solubility. Functionalisation of
the polymers has been used to induce polymer solubility rendering them solution
processable. In the case of PEDOT, processability is achieved by forming an aqueous
dispersion with PSS[39]. However, obtaining highly conductive thin films is not
straight forward, as the PSS dopant reduces conductivity and the excess charged
sulfonate groups in the PSS are a suspected source of device degradation and
corrosion[40, 41]. Reynolds and his co-workers[19, 20, 32] have used solution
processing of ProDOT monomers but the solubility of the polymer was found to be
too low.
An alternative approach has been described by Bjorn et al. [42, 43] who used vapour
phase polymerisation for the deposition of highly conducting uniform films of
polypyrrole, and polythiophene including PEDOT, using Fe(III) tosylate oxidant;
achieving a conductivity for PEDOT films in excess of 1000 S/cm. Vapour phase
polymerisation (VPP) has been achieved by applying the oxidant via a solvent
coating routeand subsequently exposing the coated substrate to monomer vapours.
Mohammadi et al. [44] had first used VPP for polymerisation of PPy on ITO and
gold substrate using FeCl3/H2O2 as oxidants for polymerisation. A variation to VPP
is chemical vapour deposition (CVD) in which the oxidant is placed in a crucible and
gradually heated. Sublimation of the oxidant takes place, resulting in deposition onto
the ITO coated glass. Once the film of oxidant has been uniformly deposited at the
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surface of the substrate, the crucible temperature is reduced. EDOT monomer heated
to 1000C is then introduced into the chamber at a uniform rate resulting in the
formation of PEDOT film on the substrate[45]. The thickness of the resulting
polymer film depends on the amount of oxidant on the surface of the substrate.
An electrochromic device has been fabricated by depositing PEDOT by CVD on to
an ITO/PET sheet, placing a porous spacer material on top of the CVD PEDOT,
wetting with gel electrolyte, and then placing a second ITO/PET on the gel
electrolyte to act as the counter electrode. The resulting device gave a contrast of
45% at 566 nm which dropped to 42% after only150 cycles[45].
The use of PEDOT in ECDs is attractive because of its ease of processing, low band
gap, high electrochromic contrast, stability in its oxidised and reduced states, rapid
switching, and reproducible colour change in response to an external bias [1, 4, 26,
46]. PPy has also been used as a complementary high band gap anodically colouring
polymer due to its high degree of electrochemical reversibility and compatibility.
Previous work has shown that PPy can be effectively deposited by VPP [47, 48].
Interestingly, there were no reports found regarding the production of electrochromic
devices using VPP. Therefore this sparked an interest in the study of these polymers,
while also providing a good system for the testing of the gel polymer electrolytes.
This

chapter

reports

on

the

development

of

an

ECD

comprising

polyethylenedioxythiophene (PEDOT) and polypyrrole (PPy) electrodes, where both
polymers are deposited by vapour phase polymerisation (VPP). Highly conductive,
thin adherent CP films were easily obtained using this approach, thus providing a
method that was amenable to application of surface coatings over larger surface
areas. This chapter also demonstrates that the ECDs were more stable over an
extended number of switching cycles, indicating that VPP CP films exhibit suitable
long-term stability for use in real devices.
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Experimental

Reagents and Materials

The monomer 3,4 -ethylenedioxythiophene (EDOT) was purchased from Bayer AG
and used as received. Pyrrole monomer was purchased from Merck and was distilled
prior to use. Fe(III) P-toluene sulfonate in 1-Butanol (Baytron CB-40) was purchased
from Bayer.1-Butanol and block polymer poly(ethylene glycol - propylene glycolethylene glycol) (PEG-PPG-PEG) Mw:12000 was purchased from Sigma-Aldrich.
Ionic

liquid

1-ethyl-3-butylpyrrolidinium

bis(trifluoromethylsulfonyl)imide

(P1,4TFSI) used as electrolyte was purchased from Merck and purged with nitrogen
and heated to 600C to remove any traces of water present. ITO coated glass was
purchased from Yie-dah and had a surface resistivity of 15 ohm/sq.

4.2.2

Experimental procedure

The oxidant formulation was prepared by mixing CB40 Fe(III) P-toluene sulfonate in
1-butanol with 60 % butanol to reduce the viscosity of the oxidant. PEG-PPG-PEG
block polymer (5 % w/v) was added to the oxidant to reduce the formation of crystals
in Fe(III) tosylate coatings[49].
The oxidant was spin coated on ITO glass at 1000, 1350, 1700 and 2150 rpm for 15
seconds and the glass substrate then transferred immediately to a hot plate at 600C
for 30 seconds to prevent crystallization in the final oxidant coating. During this
time, n-butanol evaporates and an adherent pale yellow film was formed. The
substrate was then transferred to a polymerisation chamber containing EDOT or
pyrrole monomer.
VPP of EDOT was carried out in a glass chamber heated to 600C in an oven. The
polymerisation chamber is fitted with a multisample holder of size 1500 cm3 that was
rotated at a constant speed (45-50 rpm) by a variable DC motor (Figure4-2). 1-2 ml
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of EDOT was introduced to the polymerisation chamber and allowed to stand for 1520 minutes to ensure uniform monomer distribution was achieved.

Figure 4-2 : Schematic of polymerisation chamber used for VPP of EDOT.

Typical polymerisation time used was 40 min, after which time the sample was
placed on a hot plate at 600C for 10-15 min. After drying the films were rinsed with
ethanol to remove any unwanted oxidant, Fe2+, Fe3+ and unreacted monomer,
producing a transmissive blue film[48].

VPP of pyrrole was carried out in a glass chamber of 1500 cm3at room temperature
without any substrate movement during polymerisation. Pyrrole can be polymerised
at room temperature as its vapour pressure was very low. The VPP reaction chamber
contained 1-2 mL of Pyrrole monomer. Polymerisation commenced as soon as the
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monomer vapour came into contact with the oxidant coating, and was observed as an
immediate change in the colour of the oxidant. Polymerisation was completed within
40 min, and the substrate was then transferred to a hot plate at 600C for 2-3 min. The
resulting film was then washed with ethanol to remove unwanted oxidant and
unreacted monomer, leaving a thin transmissive black coating on the ITO.

4.2.3

Fabrication of the device

The final device configuration (Figure4-3) comprised two indium tin oxide (ITO)
coated glass electrodes coated with the electrochromic polymers. Prior to device
assembly and bonding with adhesive, the edges of the VPP films were removed in
order to expose the bare ITO glass. The electrodes were slightly offset from each
other and assembled using microscope cover slip spacers to form an internal cavity
with a gap of 80 microns. The edges were then glued with a UV curable adhesive
Dymax D 425113. A small fill port was left open in the cured adhesive, allowing an
ionic liquid electrolyte (P1,4 TFSI) to be backfilled into the cavity under vacuum
until the entire volume was filled. The fill port was then sealed with more UV
curable adhesive to prevent loss of electrolyte, and to ensure the system was properly
protected from the environment.
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Figure 4-3 : Schematic diagram of an electrochromic device.

4.2.4

Polymer electrode and device characterisation

The electrochemical studies were performed using a Radiometer Analytical VoltaLab
(PST 050) and using a three electrode cell with VPP PEDOT/PPy as a working
electrode. The working electrode was placed in a vessel containing the counter
electrode made of platinum, and a specially designed ionic liquid reference made
with Ag/AgCl wire in P1,4 TFSI and periodically calibrated in the ferrocene redox
couple in acetonitrile. The ionic liquid based reference electrode was found to have a
stable potential of 150 mV vs. the standard hydrogen electrode[50].
Spectroelectrochemistry of the vapour phase polymerised polymer was carried out in
ionic liquid (P1,4TFSI) from 350-1000 nm using a Shimadzu UV-1601
spectrophotometer. The thickness of the film was measured using a Veeco Dektak150 profilometer. Conductivity of the polymer film was measured using a 4-point
probe from Jandel engineering (model RM3). Optimal contrast of the individual VPP
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electrode and switching time of the device were measured at a fixed wavelength
using a photodiode array, Shimadzu-1510, at 5 Hz sample rates. Photopic contrast of
the ECD was measured using a Hunterlab-ColourQuest XE colour measurement
system providing an integral optical transmission response of assembled devices
from 400 to 700 nm.

4.2.5

Results and Discussion

4.2.5.1 Characterisation of the polymer film
Electroactivity of the films was measured by using electrochemical and
spectroelectrochemical techniques. The thickness of the film was measured by
proflimetry and the contrast of the film with various thicknesses was measured at
fixed wavelength of 560 nm using a photodiode array.

4.2.5.1.1 Electrochemical characterisation

To study the electrochemical behaviour of the VPP PEDOT and PPy films, cyclic
voltammetry was carried out in ionic liquid (P1,4TFSI) in the potential range of +1V
to -1V at different scan rates using a custom designed Ag/AgCl wire in ionic liquid a
as reference electrode[50].
PPy showed an oxidation peak at -0.06 volt and a reduction peak at -0.40 volt
(Figure4-4) versus the ionic liquid based reference electrode at a scan rate of 100
mV/sec. Winther-Jensen et al. [42] Observed an oxidation peak at -0.25 volt and a
reduction peak at -0.50 volt in 1M NaNO3for VPP PPy.
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Figure 4-4 : CV of VPP PPy at different scan rates in ionic liquid (P1,4 TFSI) ((ad) 10, 25, 50, and 100 mV/sec).

PEDOT shows two oxidation peaks at -0.08 and +0.3 volt and reduction peaks at 0.05 and -0.67 volt (Figure 4-5) versus the ionic liquid based reference electrode,
compared with -0.3 volt oxidation and -0.675 volt reduction at a scan rate of 100
mV/sec in 0.1M Tetrabutylammonium hexaflourophosphate in acetonitrile[20]. The
two distinct anodic peaks and cathodic peaks were in good agreement with the
previous reports from Wagner et al. [51, 52]. The exact nature of the processes
involved in the electrochemical transformation of PEDOT and polythiophene
derivatives is not clearly established. In general, this electrochemical transformation
is interpreted by the polaron/bipolaron model. However, recent studies concluded
that this polaron/bipolaron model is insufficient to explain all the experimental
observations. In-situ conductance measurement revealed the involvement of a nonFaradaic process connected with the transformation of the solvated part of the film
[53]. Skompska et al. [54] and Hillman et al. [55] proposed that the polymer film
contained two types of coexisting zones. The first type of zone comprises compact
and rigid polymer with long and highly conjugated chains. The second type of zones
contains a more open polymer configuration with chains of short conjugation.
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Therefore, the compact zones have low solvation instead of the more open zones
which can trap solvent. Then, the presence of the consecutive redox peaks in the CV
has been interpreted as a consequence of the polymer zones of different lengths
and/or various film morphologies [53, 54]. The peak located at the lower potential
corresponds likely to the oxidation of the compact polymer consisting of highly
conjugated chains, whereas the more anodic one is ascribed to the less ordered and
short conjugated segments.

Figure 4-5 : CV of VPP PEDOT at different scan rates in Ionic liquid (P1,4TFSI) ((ad)10,25,50, and 100 mV/sec).
In the case of PPy, it was observed that the peak potential was not independent of
scan rate, with the peak potential shifting marginally with an increase in scan rate,
indicating the reaction to be quasi-reversible. This can be attributed to a slow
electron transfer process as PPy films were less conducting. Similar results was
observed by Samani et al. [56] when PPy films were cycled in ionic liquid.
The peak current increased linearly with an increase in scan rate from 10 mV/sec to
100 mV/sec for both the conducting polymers, indicating that the redox process was
not diffusion controlled [9]. The CVs of the polymers show that they were reversible
in nature and have application in ECDs.
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4.2.5.1.2 Spectroelectrochemistry

Spectroelectrochemistry plays a very important role in determining the optical
changes that occur when the polymer is doped and de-doped. The optical response of
the PEDOT and PPy VPP films in different oxidation states are shown in Figure 4-6
and 4-7 respectively. These characteristic changes observed in the spectra are general
features of conducting polymers.
It was observed that the neutral PEDOT shows an electronic bandgap, defined as the
onset for the π - π* absorbance at 750 nm (1.6 eV) and shows a broad peak at 595 nm
where the films appear dark blue in colour as shown in Figure 4-6. As the potential
was sequentially increased, the intensity of π - π* transition decreases in intensity.
This was due to the formation of polarons. At high applied potentials, the polaron
and π - π* transition signatures monotonically disappear and new band tails into the
visible region of the spectrum starting at about 500 nm are formed, accounting for
the transmissive sky blue colour of the highly doped film[57]. It was also observed
that at the potential of +0.7 V, the spectra does not pass through isosbestic point.
This can be rationalised by the transformation of the doped phase into a new
“overdoped” phase[57]. During oxidation to high doping levels, two things can
happen. Either the second electron is removed from a different polymer chain,
forming a new polaron, or the unpaired electron on an already existing polaron is
removed. The latter process produces a spinless dication called a bipolaron.
Bipolarons can also be formed when two polarons combine their unpaired electrons
into a bond on a doubly charged polymer chain. In the bipolaronic state, the intergap
levels move closer to the centre of the gap. This additional shift could be explained
by the fact that the highly doped polymer chain attains a fully quinoid structure[58].
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Figure 4-6 : Spectroelectrochemistry of VPP PEDOT on ITO-coated glass as a
function of applied voltage: (a) +0.7, (b) +0.6, (c) +0.5, (d) +0.4 , (e) +0.3, (f) +0.2,
(g) 0.1 , (h) 0, (i) -0.1, (j) -0.2, (k) -0.3, (l) -0.3, (m) -0.4, (n) -0.5, (o) -0.6, (p) -0.7 V

In the case of PPy, a neutral yellow colour displays a maximum at 400 nm while the
fully oxidised dark grey or blue form shows a broad absorption with a maximum
around 900 nm, as reported in the literature[59]. Between these two limits the film
colour was violet due to a third absorption that develops at 540 nm. This absorption
was assigned to the highest-energy polaron transition. Neutral PPy exhibits an
electronic bandgap, defined as the onset of π - π* absorbance, of approximately 2.53
eV (490 nm) where the film was light yellow in colour (Figure 4-6). At high applied
potentials, the π - π* transition disappears from the spectrum leading to the PPy film
being dark gray in colour in the visible region.
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Figure 4-7 : Spectroelectrochemistry of VPP PPy on ITO-coated glass as a function
of applied potential (a) -0.7, (b) -0.6, (c) -0.5, (d) -0.4 , (e) -0.3, (f) -0.2, (g) -0.1 , (h)
0, (i) +0.1, (j) +0.2, (k) +0.3, (l) +0.3, (m) +0.4, (n) +0.5, (o) +0.6, (p) +0.7 V

4.2.5.1.3 Thickness optimisation for electrochromic device characterisation

In order to obtain high contrast over the visible region, investigations into the
influence of polymer thickness on contrast were made on ECDs having PEDOT and
PPy as the active layer. The amount of polymer deposited was directly proportional
to the amount of oxidant [42]. Applying the oxidant with different coating speeds of
1000, 1350, 1700, 2150 rpm led to films of 148, 98, 74, 67 nm for PEDOT and 150,
88, 77, 60 nm for PPy respectively, with an error of ± 10 nm. From the thickness
measurements it was found that PEDOT and PPy films had almost the same
thickness with the same coating speed. The resulting conductivity of the films with
respect to film thickness is shown in Figure 4-8.
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Figure 4-8 : Influence of film thickness on the conductivity PPy (a), and PEDOT (b).

It was observed that the conductivity of the film decreases with an increase in the
thickness of the film. This was in contrast with solution-processed PEDOT films,
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where they observed enhanced conductivity of the thicker films which can be
explained in terms of more optimal chain packing regime[60]. The decrease in
conductivity can be explained on the basis of the phenomena observed by Fabretto et
al. [62]. In this study it was noted that the arrival rate of the monomer to the
substrate surface dictates the rate of polymer growth, as the amount of oxidant
available can be considered infinite. The growth of the film progresses from top to
bottom and is governed by the diffusion of the monomer to the oxidant surface
through the PEDOT film, as suggested by Nair et al. [61]. As the film formation is
based on an oxidative first step[60], the additional layers still requires the removal of
an electron from the monomer to initiate polymerisation. Electron acceptance by the
oxidant, however, must occur through a conducting pathway (i.e. the initial PEDOT
layer), rather than directly from the monomer to oxidant. Oxidation of the monomer
via electron transfer must proceed through the initially formed PEDOT layer, and the
efficiency of this process dictates the rate of polymerisation during this stage[62]. As
a result it may lead to a less conducting film.
Secondly, according to Fabretto et al. [62] the arrival rate of H2O and its departure in
the form of H3O+ are critical for the formation of highly conducting PEDOT.
However, as the polymerisation continues at the temperature of 600C it may be
possible that the arrival rate of H2O is not sufficient, or the formation of H3O may
promote undesirable side reactions that may no longer be suppressed [63] as it must
pass through the PEDOT layer. Additionally, one or more steps in the polymerisation
route may possess an apparent negative activation energy, as reported by Aoki and
Li[64], and therefore lead to the formation of C=O as observed by Nair et al. [61],
producing a poorly conducting substrate. This would eventually lead to the formation
of VPP PEDOT with a shorter conjugation length and higher resistance. Similar
observations regarding the decrease in conductivity with the increase in the thickness
of the polymer were observed by Levermore et al. [65] where the conductivity of
VPP PEDOT decreases with the increase in thickness. In the case of PPy, a decrease
in conductivity with an increase in the thickness was also observed and can also be
explained through the above reasoning. Another plausible possibility could be that
the low substrate temperature may lead to the macro condensation of water vapour,
resulting in the decrease in conductivity.
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4.2.5.1.4 Optimal contrast of individual polymer

The contrast of the individual polymers of different thicknesses were measured in a
three electrode setup, with the ITO coated glass containing the polymer acting as a
working electrode, Pt as a counter electrode, and a specially designed Ag/AgCl wire
in ionic liquid acting as a reference electrode. Ionic liquid (P1,4 TFSI) was used as
an electrolyte as it can also be used during the fabrication of the device. The contrast
of the device was defined as the difference in the amount of light transmitted
between absorptive and transmissive states by applying the potentials of +1000 mV
and -1000 mV to the working electrode for the PEDOT polymer and, consequently,
applying the potentials of +700 mV and -700 mV to the PPy electrode. The contrast
of the device was measured at 560 nm as the human eye is more responsive to these
wavelengths[66].
It was observed that the contrast of the polymer increases with a decrease in the
thickness up to a certain level, however thereafter the contrast decreased (Figure 49). The maximum contrast obtained for PEDOT was for a thickness of 74 nm
(coating speed of 1700 rpm) with a transmittance of 85% in the bleached state and
25% in the dark state leading to a contrast of 59%.
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Figure 4-9 : Contrast of PEDOT films of different thicknesses at 560 nm.The films
were switched from fully neutral state (-1000 mV) to fully oxidised state (+1000
mV) in ionic liquid.

In the case of PPy the same trend was observed, with a maximum contrast of 23%.
The transmittance in the bleached state was found to be 76%, while 53%
transmittance was observed in the coloured state (Figure 4-10) for a thickness of 77
nm (coating speed of 1700 rpm). The coating speed of the oxidant was therefore
selected on the basis of obtaining the maximum contrast from the individual
polymer, and therefore would be applied to the fabrication of the device hereafter.
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Figure 4-10 : Contrast of PPy films of different thicknesses at 560 nm.The films were
switched from fully neutral state (-700 mV) to fully oxidised state (+700 mV) in
ionic liquid.

4.2.6

Characterisation of the device

4.2.6.1 Contrast of the electrochromic device.

The major requirements for an ECD are: a large change in contrast (% transmittance)
between dark and clear states, and rapid reversible switching from one to the other.
In dual polymer based devices, complementary cathodic and anodic colouring pi –
conjugated polymers on ITO coated transparent substrates are used on either side of
the device [22]. As the spectral properties of PEDOT and PPy complement each
other, the ECD assembled revealed a significant change in the contrast. The spectra
were measured by applying the potential of + 1500 mV to – 1500 mV for a period of
20 sec and recording the spectra after an interval of 10 sec. UV-Visible spectra of the
electrochromic devices between 400-700 nm are shown in Figure 4-11. The device
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gives a photopic transmittance of 8% in the fully coloured (dark blue) and 51% in the
bleached state when the device was transparent yellow. The photopic contrast of the
device was found to be 43% ± 2%. The spectra show that the two conducting
polymers PEDOT/PPy give a good contrast as a function of applied potential. The
electrochromic device shows a reversible transmittance when the voltage was
reversed, indicating practical applicability of the device in real life.

Figure 4-11 : Transmittance spectra of a PEDOT/PPy device using IL as electrolyte,
in the visible range 400-700 nm between the applied potentials of ± 1500 mV.

4.2.6.2 Switching time of the device

The speed with which the device switches can be measured by performing switching
studies. This involves monitoring the transmittance of the device at a particular
wavelength as a function of the applied potential. The electrochromic device was
switched between the potentials of +1500 mV and -1500 mV, and the transmittance
measured at 560 nm (Figure 4-12). The device switched quite rapidly, achieving 90%
of the total optical change in 0.8 sec from dark state to bleached state, and 1.8 sec
from bleached to dark state.
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Figure 4-12 : Switching response of PEDOT/PPy device between the applied
potentials of ± 1500 mV for periods of 10 s at 560 nm.

It was also noted that the time taken for the electrochromic devices to switch from
the dark to the bleached state was faster than bleached to dark state. This can be
explained as follows. During transitions from the bleached to dark state the PEDOT
electrochrome switched from the conductive oxidized to insulating neutral state
while the PPy electrochrome was switched from the insulating neutral to conducting
oxidized state. Differences in the electrode kinetic rates between these two
complementary redox processes, coupled with significant differences in the electrical
conductivity of these coatings, typically 400 Ω/square and 4240 Ω/square for
PEDOT and PPy, respectively, may account for the observed switching time offsets.
The fact that both the conducting polymer electrochromes undergo these processes in
a coupled fashion makes it difficult to identify the limiting process. However, these
findings were consistent with studies observed by others for a poly(3,6-bis(2-(3,4ethylenedioxy)thienyl)-N-methylcarbazole) and poly((3,4-ethylenedioxy)thiophene)
electrochromic device[67].
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4.2.6.3 Colouring Efficiency

A series of experiments were designed to measure the chronoabsorptometry and
chronocoulometry, as described in Chapter 2, to measure the colouring efficiency at
95% of the optical density. Colouration efficiency (η) measurements provide a good
guide to understanding the electrochromic characteristics.

The assembled device was subjected to potentials of +1500 mV and -1500 mV for
200 cycles in order to equilibrate the polymer redox chemistry. Upon equilibration
the transmittance of the device in the reduced state (%Tred) and fully oxidised state
(%Tox) were recorded at 560 nm.
The chronocoulometry and chronoamperometry experiment was set up before hand
to allow accurate measurement of time and the result are shown in Figure 4-13. The
calculated colouring efficiency of the electrochromic device made of VPP PEDOT
and PPy was 546 cm2/C. An ideal material or device should have a large
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Figure 4-13 : Chronocoulometry and Chronoamperometry of the electrochromic
device between the applied potentials of +1500 mV and -1500 mV.
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Conducting polymer devices tend to exhibit higher CE values when compared to
metal oxide electrochromics due to low power requirements [22]. Amorphous
tungsten oxide (WO3), films fabricated by thermal evaporation have a CE of 115
cm2/C[22]. The combination of a conducting polymer such as poly(aniline) as the
anodically colouring polymer, and WO3 as the cathodically colouring polymer,was
reported to have a CE of 170 cm2/C[26], while an electrochromic device utilizing
poly(pyrrole) as the anodically colouring polymer and WO3 exhibited a CE of 123
cm2/C[27].
The colouring efficiency (η) of the VPP device was much higher than similar devices
made with polypyrrole doped with dodecylsulfate and indico caramine (PPy-DS-IC)
and

Poly(3,4-ethylene-dioxythiophene)

doped

with

poly(styrene

sulfonate).

PEDOT-PSS made by spin coating on ITO-PET was found to be 360 cm2/C at the
switching potentials of ±1500 mV[28].

4.2.6.4 Short term stability

The most important characteristic of an electrochromic device in service for a desired
application is its life time; i.e. the number of switching cycles the cell can undergo
before it loses its contrast. To investigate the short term switching stability of a
device, the devices were switched between potentials of -1.5 V (reduced) and +1.5 V
(oxidised) with a 2 second delay to allow a full change in the colour. After several
cycles, the photopic contrast of the device was measured over the entire range of the
visible spectrum. Initially the photopic contrast (%T) of the device was found to be
47% ± 2%. It was observed that the contrast of the electrochromic device
decreasedto 43% ± 2% when the device was cycled 10,000 times, as shown in Figure
4-14. Therefore it was considered to be worthwhile to understand the potential of the
individual electrodes with respect to reference electrode, when potential is applied
between two electrodes. As the device operates in a two electrode setup, the applied
potential between the two electrodes may not be distributed equally.
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Figure 4-14 : Transmittance spectra of a PEDOT/PPy device in the visible range
400-700 nm between the applied potentials of ± 1500 mV after 1 cycle and 10,000
cycles.

4.2.6.5 Potential of the individual electrodes

To determine the actual potential at each electrode, a Ag wire pseudo reference
electrode was inserted into the electrochromic device and the potential of each of the
electrodes was measured. The potential of the Ag wire was found to be +20 mV with
regards to a Ag/AgCl reference electrode. A schematic drawing of the setup is
shown in Figure 4-15. The CV of the device was carried out in a two electrode setup,
scanning between the potentials of ±1500 mV at a scan rate of 50 mV/sec. One of the
conducting polymer electrodes acted as the working electrode, and the other was
connected to the reference and counter electrode leads of the potentiostat. The setup
was similar to a real electrochromic device except that a Ag wire pseudo reference
electrode, connected to an electrometer, was inserted to enable the potential of each
polymer electrode to be monitored. CV scanning was initiated and the potential of
the working/counter electrode with regards to the Ag wire pseudo reference electrode
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was measured simultaneously using the electrometer. The external potential (i.e. the
potential applied between the working and counter electrodes) was known at any
moment (from the CV), together with the oxidation state of one of the electrodes (i.e.
its potential with regards to the reference electrode).

Figure 4-15 : Schematic diagram of the two-electrode setup for the conducting
polymer electrodes connected to the potentiostat, with Ag wire pseudo reference
electrode and conducting polymer electrode (WE) connected to an electrometer.

The oxidation state of the other electrode can be identified by difference or
measuring its potential with regards to the reference electrode. When a potential was
swept between +1500 to -1500 mV between the two conducting polymer electrodes,
it was observed that the potential of the PEDOT electrodewas between -800 mV to
+1000 mV vs. Ag wire. Similarly, when PPy was used as the working electrode, the
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potential was swept between -600 mV to +800 mV, which is represented in Figure416.

Figure 4-16 : Potentials monitored at the PEDOT and PPy electrodes vs. Ag wire
pseudo reference in the electrochromic device when the applied potential was
scanned between ± 1500 mV.

The CV of the individual electrodes was obtained by scanning between these
observed potentials in a three-electrode setup in the electrochromic device. Here Ag
wire acted as a pseudo reference and a conducting polymer as a counter electrode.
The CVs of the electrodes are shown in Figures 4-17 and 4-18.
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Figure 4-17 : CV of PEDOT scanned between the applied potentials of -800 mV and
+1000 mV vs. Ag wire pseudo reference at a scan rate of 50 mV/s in an
electrochromic device.
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Figure 4-18 : CV of PPy scanned between the applied potentials of -600 mV and
+800 mV vs. Ag wire pseudo reference at a scan rate of 50 mV/s in an
electrochromic device.
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It was observed that PEDOT showed an oxidation peak at -315 mV and reduction
peak at -740 mV (Figure 4-17), while PPy revealed an oxidation peak at 60 mV and
reduction peak at -211 mV (Figure 4-18).

Both polymers were found to be

electrochemically stable with no excessive electrolyte oxidation and reduction,
indicating that the charge consumed within these limits produces or eliminates
chromophores (polaron and bipolaron), resulting in the electrochromic changes.

To study the effect of increasing the potential on the performance of the device, the
PEDOT/PPy device was cycled between the applied potentials of ± 1500 mV and ±
1800 mV at a scan rate of 50 mV/sec, and the transmittance spectra recorded at 560
nm (Figure 4-19). It was observed that the potential applied between the two
electrodes produced the necessary contrast, with no plateau found at the extreme
potentials of ±1500 mV. However, when the transmittance of the device was
measured by applying a potential of +1800 mV to -1800 mV, there was a plateau at
the extreme potentials indicating that the excess potentials may not afford much
additional change in the electrochromic contrast, and moreover result in possible cell
degradation occurring when the cell was switched at higher potentials. Similar
studies were conducted on individual electrodes by Padilla et al. [38] using single
electrodes, and it was observed that the electrode lost its contrast very quickly when
the potential of the electrode was slightly extended beyond its limit. From the CV in
the three electrode setup of the electrochromic device, it can be inferred that the
electrochromic device was stable and optimum contrast can be obtained between the
applied potential window of +1500 mV to -1500 mV.
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Figure 4-19 : Transmittance changesof the PEDOT/PPy device at 560 nm when
scanned between the applied potentials of ±1500 mV and ±1800 mV at a scan rate of
50 mV/s.

4.3

VPP PEDOT, PPy electrode characterisation using polymer electrolyte

Since there were a number of polymer electrolytes prepared, as reported in the
previous chapter, the electrolytes with optimum viscosity and plasticiser content
were selected for further CV characterisation with polymer electrodes made through
VPP.
20K Mw PEO with two different salts, LiClO4 and LiTFSI in mole ratio 8:1, with
25% plasticiser were selected due to number of the following reasons. Firstly, we
wanted to see the effect of a salt containing the same anion as that of the anion used
in the ionic liquid as a plasticiser i.e. TFSI-, and the salt containing a different anion
as that of ionic liquid as a plasticiser i.e. ClO4-. Secondly, all our cells were
backfilled and it was observed that PEO with 20K Mw and 25% plasticiser could be
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backfilled easily. Thirdly, we wanted to use the minimum amount of plasticiser as we
had noticed that an increase in the amount of plasticiser reduces the viscosity and
increases the conductivity marginally.

On the basis of this, we have selected

electrolytes that contain LiTFSI and LiClO4 as the salt and ionic liquid and EC/PC as
a plasticiser in our electrochromic device. The contents of the electrolytes and their
notation are shown in Table 4-1.

Table 4-1 : Composition of various polymer electrolytes containing PEO:Li (8:1) and
25% plasticiser.

Sample ID

Composition

A1

(PEO)8LiTFSI + 25% EC/PC

A2

(PEO)8LiTFSI + 25% P14TFSI

A3

(PEO)8LiClO4 + 25% P14TFSI

A4

(PEO)8LiClO4 + 25% EC/PC

The conducting polymers were characterised in a range of polymer electrolytes using
CV in a three-electrode setup in which each conducting polymer acted as the
working electrode, Pt as the counter electrode and a specially designedAg/AgCl wire
in ionic liquid as reference electrode[50] when ionic liquid was used as plasticiser.
A Ag/Ag+ reference electrode was used when EC/PC was used as plasticiser. The
electrode was scanned at different scan rates (10, 25, 50, 100 mV/sec) in the potential
range of +1000 mV to -1000 mV.

What is apparent from the CV studies discussed below is that even though typical
redox behaviour was observed for PEDOT [51-53] and PPy [42] in some instances
there are subtle hints of poorly defined multiple redox peaks at higher scan rates. The
presence of these peaks would suggest behaviour of mixed doping processes, which
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in itself is unsurprising given the complex composition of the electrolytes
investigated. In this study, what is more important for an electrochromic device is a
stable and reproducible redox cyclability over a given potential window as has been
demonstrated in the above studies

In the case when A1 (PEO:LiTFSI:EC/PC(25%)) was used as an electrolyte, where
there was only one cation present, PEDOT revealedwell defined redox peaks at the
lower scan rate, as shown in Figure4-20. But at the higher scan rate of 100 mV/sec,
the redox peaks were not well defined as it was diffusion controlled, due to the fact
that the peak current was directly proportional to square root of scan rate. Diffusioncontrolled redox is significant for long term stability of electrochromic devices
because it prevents charge trapping and film degradation with time, as is observed
with surface-controlled redox processes[68]. At high scan rates, ions may not be able
to reach the electrode surface fast enough due to a number of factors, including
viscosity and conductivity of the electrolytes, resulting in redox peak shifts with
increasing scan rate.

In the case of PPy, well defined redox peaks were observed with the peak current
directly proportional to the square root of scan rate (Figure 4-21). The well defined
redox peaks may be due to the far more rapid diffusion of the ions to the electrode.
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Figure 4-20 : CV of PEDOT when PEO:LiTFSI:EC/PC(25%) was used as
electrolyte, at scan rates of 10, 25, 50, and 100 mV/sec (a-d).

Figure 4-21 : CV of PPy when PEO:LiTFSI:EC/PC(25%) was used as electrolyte, at
scan rates of 10, 25, 50, and 100 mV/sec (a-d).
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In the case when A2 (PEO:LiTFSI:IL(25%)) was used as an electrolyte, PEDOT
revealed well defined oxidation and reduction peaks, compared with using A2, as
shown in Figure 4-22. PPy too has well defined redox peaks. The peak potential
shifted anodically with increasing scan rate Figure 4-23. The anodic peak current
varied linearly with the square root of the scan rate, indicating that the migration of
the ions was diffusion controlled.

Figure 4-22 : CV of PEDOT when PEO:LiTFSI:IL(25%) was used as electrolyte, at
scan rates of 10, 25, 50, and 100 mV/sec (a-d).
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CV of PPy when PEO:LiTFSI:IL(25%) was used as electrolyte, at

scan rates of 10, 25, 50, and 100 mV/sec (a-d).

In the case when A3 (PEO:LiClO4:IL(25%)) was used as an electrolyte,

the

electrochemistry was quite different to the previous polymer electrolytes as shown in
Figures 4-24 and 4-25. The redox peaks were also not well defined as compared to
ionic liquids. This may be due to the viscosity of the electrolyte, as it was very high,
and secondly to the fact the conductivity of the electrolyte was very low, thus
possibly affecting the diffusion of the ions to the electrode surface. The other reason
may be the difference in the mobility of the two different cations which were present
in the polymer electrolyte; where LiClO4 has a strong ion pairing effect, thus
resulting in slow diffusion of the cation towards the electrode.
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Figure 4-24 : CV of PEDOT when PEO:LiClO4:IL(25%) was used as electrolyte, at
scan rates of 10, 25, 50, and 100 mV/sec (a-d).

Figure 4-25 : CV of PPy when PEO:LiClO4:IL(25%) was used as electrolyte, at
scan rates of 10, 25, 50, and 100 mV/sec (a-d).
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In the case when A4 (PEO:LiClO4:ECPC(25%)) was used as an electrolyte, well
defined electrochemistry was observed that was almost similar to that of ionic liquid
electrolyte, as there was only one cation present in the electrolyte (Figures 4-26 and
4-27). The peak current was directly proportional to the square root of scan rate
indicating that it was diffusion controlled. The well defined peaks can be attributed
to fast diffusion of the ions.
Since the rate limiting step in all the electrolytes is the diffusion of ions inside the
polymer, viscosity and conductivity of the electrolyte plays an important role in
determining the redox activity of the polymer.

Figure 4-26 :

CV of PEDOT when PEO:LiClO4:EC/PC(25%) was used as

electrolyte, at scan rates of 10, 25, 50, and 100 mV/sec (a-d).
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Figure 4-27 : CV of PPy when PEO:LiClO4:EC/PC(25%) was used as electrolyte, at
scan rates of 10, 25, 50, and 100 mV/sec (a-d).

4.4

Electrochromic device based on polymer electrolytes

An electrochromic device was constructed using PEDOT as the cathodically
colouring polymer and PPy as the anodically colouring polymer as described above,
and backfilled with polymer electrolytes as shown in Table 4-2.

Table 4-2 : Composition of various polymer electrolytes used in the electrochromic
device.
Sample ID

Composition

A1

(PEO)8LiTFSI + 25% EC/PC

A2

(PEO)8LiTFSI + 25% P14TFSI
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A3

(PEO)8LiClO4 + 25% EC/PC

A4

(PEO)8LiClO4 + 25% P14TFSI

The performance of the PEDOT/PPy device was tested by applying potentials of ±
1500 mV for periods of 20 seconds and measuring the contrast of the device using an
Hunterlab. Similarly, the switching time was measured by applying potentials of ±
1500 mV for periods of 10 seconds whilst monitoring the transmittance at a fixed
wavelength of 560 nm using a photodiode array and noting the time to reach 90% of
the final value. The photopic contrast of the device over various numbers of cycles
and the switching times are presented in Table 4-3.

Table 4-3: Photopic responses of the ECDs at various cycling intervals.
Samples / Cycles
A1 - (PEO)8LiTFSI + 25% EC/PC

A2 - (PEO)8LiTFSI + 25% P14TFSI

A3 - (PEO)8LiClO4 + 25% EC/PC

A4 - (PEO)8LiClO4 + 25% P14TFSI

1

1000

2000

5000

10000

45%

41% ±

40%±

37% ±

37% ±

± 2%

2%

2%

2%

2%

44%

47% ±

46% ±

46% ±

43% ±

± 2%

2%

2%

2%

2%

44%

41% ±

40% ±

38% ±

36% ±

± 2%

2%

2%

2%

2%

45%

44% ±

47% ±

45% ±

43% ±

± 2%

2%

2%

2%

2%

It was observed that the polymer electrolyte containing EC/PC as a plasticiser (A1
and A3) both exhibited gradual decrease in the device stability with a loss of 8% ΔT
after 10,000 cycles as shown in Figures 4-28 and 4-29.
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Figure 4-28 : Transmittance spectra of the PEDOT/PPy device, using A1 as an
electrolyte, in the visible range 400-700 nm between the applied potentials of ± 1500
mV. (b) Switching time of the device at 560 nm at applied potentials of ± 1500 mV
for the period of 10 s.

Figure 4-29 :

Transmittance spectra of PEDOT/PPy device, using A3 as an

electrolyte, in the visible range 400-700 nm between the applied potentials of ± 1500
mV. (b) Switching time of the device at 560 nm at applied potentials of ± 1500 mV
for the period of 10 s.

Similarly the SPE containing ionic liquid as a plasticiser (A2 and A4) demonstrated
initial increases in the contrast of the electrochromic device. The increases in the
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contrast may be due to the change in the polymer doping structure during cycling;
where the anion, having a distinctly different shape and electronic properties as
compared with the tosylate anion, will not readily fit in to the polymer template
resulting in a less efficient ion exchange process leading to a delay in reaching the
maximum contrast. Ho et al. [69] have reported that a number of stages can be
observed during the cycling of electrochromic devices made of prussian blue and
PEDOT. These stages are characterised by the initial film stabilisation, followed by
optically stable behaviour and then a dramatic decrease in the device performance.
The increase in contrast may be due to film stabilisation[69]. However after 10,000
cycles there was a decrease in the contrast as compared to the maximum value over
the spectral range as shown in Figures 4-30 and 4-31.

Figure 4-30 : Transmittance spectra of PEDOT/PPy device, using A2 as an
electrolyte, in the visible range 400-700 nm between the applied potentials of ± 1500
mV. (b) Switching time of the device at 560 nm at applied potentials of ± 1500 mV
for the period of 10 s.
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Figure 4-31 : Transmittance spectra of PEDOT/PPy device, using A4 as an
electrolyte, in the visible range 400-700 nm between the applied potentials of ± 1500
mV. (b) Switching time of the device at 560 nm at applied potentials of ± 1500 mV
for the period of 10 s.

The switching times for the electrochromic device with different polymer
electrolytes are presented in Table 4-4. It can be observed that the SPE containing
LiClO4 salt and ionic liquid (P1,4 TFSI) as plasticiser took a maximum time of 3.8
sec to change from the coloured state to the bleached state, and 6.5 sec to change
from the bleached to coloured state. The slow switching time can be attributed to this
polymer electrolyte having the highest viscosity and lowest conductivity as
compared with all the other electrolytes[70].

Table 4-4 : Switching times of ECDs for various electrolyte combinations.

Sample

Coloured to

Bleached to

bleached (sec.)

coloured (sec.)

A1 - (PEO)8LiTFSI + 25% EC/PC

1.3

2.0

A2 - (PEO)8LiTFSI + 25% P14TFSI

1.1

4.0
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A3 - (PEO)8LiClO4 + 25% EC/PC

1.0

1.4

A4 - (PEO)8LiClO4 + 25% P14TFSI

3.8

6.5

The colour changes observed in these devices was highly dependent upon the
diffusion of the dopant ions in and out of the conducting polymer matrices. Due to
the high electrolyte viscosity and higher potential drop caused by the electrolytes, the
diffusion controlled doping process associated with the two conducting polymer
matrices was significantly hindered and resulted in slower switching speeds. Even
though the observed switching speeds for the IL based polymer electrolytes were
slower than that of EC/PC equivalents, the additional stability imparted through the
use of the IL as a solvent plasticiser resulted in improved electrochromic device
stability. A similar effect has been observed in a crosslinked polymer electrolyte
system where ionic liquid was used as a plasticiser[27]. The slow switching speed of
the device containing (A2) ionic liquid as a plasticiser could be due to the slow
switching behaviour of PPy; which can be observed in its CV where, at high scan
rates, the process was diffusion limited. Thus it was observed that the device
containing A2 as an electrolyte had a slower switching speed than when ionic liquid
alone was used as the electrolyte.

4.5

Conclusion

Electrochromic devices were successfully made using VPP PEDOT, PPy and ionic
liquid as an electrolyte. The devices were found to be stable over the potential range
of ± 1500 mV and affording an average photopic contrast between 43 – 47%. The
switching speed of the device was also found to be quite comparable with that of
electrochromic devices made up of metal oxides. The colouring efficiency of the
device was found to be 546 cm2/C, which is much higher than that of devices made
from metal oxides and devices made up of electrochemically grown PEDOT, PPy.
The ease of construction of these devices in terms of scalability and reproducibility
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indicates their potential in practical applications like electrochromic displays and
windows.
From polymer electrolyte studies, it can be concluded that the device using
PEO:LiTFSI:IL as the electrolyte showed similar performance in terms of photopic
contrast to that of using ionic liquid alone. At the same time PEO:LiTFSI:IL
electrolytes showed stable performance when the device was cycled up to 10,000
cycles, indicating their

potential application in electrochromic devices.

Electrochromic devices using polymer electrolytes containing EC/PC as a plasticiser
showed much lower performance over a period of time as compared to using ionic
liquid as a plasticiser. However, the device using the LiClO4 system containing ionic
liquid as a plasticiser showed slow switching response as compared to devices using
other electrolytes.

Chapter 4

169

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]

S. A. Sapp, G. A. Sotzing, J. R. Reynolds, Chem. Mater.1998, 10, 2101.
P. M. S. Monk, R. J. Mortimer, D. R. Rosseinsky, Electrochromism
Fundamentals and Applications, VCH, Weinheim, 1995.
Y. H. Huang, L. C. Chen, K. C. Ho, Solid State Ionics 2003, 165, 269.
M. Deepa, A. Awadhia, S. Bhandari, S. L. Agrawal, Electrochimica Acta
2008, 53, 7266.
R. Vergaz, D. Barrios, J. M. Sánchez-Pena, C. Pozo-Gonzalo, M. Salsamendi,
J. A. Pomposo, Displays 2008, 29, 401.
H. J. Byker, Proc. Symp. Electrochromic Mater. 1994, 94-2, 3.
T. Ivanova, K. A. Gesheva, G. Popkirov, M. Ganchev, E. Tzvetkova,
Materials Science and Engineering B 2005, 119, 232.
K. Y. Song, M. K. Park, Y. T. Kwon, H. W. Lee, W. J. Chung, W. I. Lee,
Chem. Mater.2001, 13, 2349.
X. H. Xia, J. P. Tu, J. Zhang, X. H. Huang, X. L. Wang, W. K. Zhang, H.
Huang, Electrochemistry Communications 2009, 11, 702.
B. W. Faughman, R. S. Crandall, P. M. Heyman, RCA Rev. 1975, 36, 177.
K. C. Ho, T. G. Rukavina, C. B. Greenberg, Proc. Symp. Electrochromic
Mater. 1994, null, 94.
H. Inaba, M. Iwaku, K. Nakase, H. Yasukawa, I. Seo, N. Oyama,
Electrochim. Acta 1995, 40, 227.
S. Passerini, B. Scrosati, J. Electrochem. Soc. 1994, 141, 889.
M. Granstrom, O. Inganas, Adv. Mater.1995, 7, 1012.
S. K. Deb, Solar Energy Mater. Solar Cells 1992, 25, 327.
J. R. Reynolds. T. A. Skotheim, Handbook of Conducting Polymers:
Conjugated polymers processing and applications, 3rd edition, CRC press,
2007.
A. Kumar, D. M. Welsh, M. C. Morvant, F. Piroux, K. A. Abboud, J. R.
Reynolds, Chem. Mater. 1998, 10, 896.
K. Krishnamoorthy, A. V. Ambade, M. Kanungo, A. Q. Contractor, A.
Kumar, Journal of Materials Chemistry 2001, 11, 2909.
A. Cirpan, A. A. Argun, C. R. G. Grenier, B. D. Reeves, J. R. Reynolds,
Journal of Materials Chemistry 2003, 13, 2422.
E. M. Galand, J. K. Mwaura, A. A. Argun, K. A. Abboud, T. D. McCarley, J.
R. Reynolds, Macromolecules 2006, 39, 7286.
T.-H. Lin, K.-C. Ho, Solar Energy Materials and Solar Cells 2006, 90, 506.
J.-H. Kang, Y.-J. Oh, S.-M. Paek, S.-J. Hwang, J.-H. Choy, Solar Energy
Materials and Solar Cells 2009, 93, 2040.
M. A. De Paoli, G. Casalbore-Miceli, E. M. Girotto, W. A. Gazotti,
Electrochimica Acta 1999, 44, 2983.
P. Schottland, K. Zong, C. L. Gaupp, B. C. Thompson, C. A. Thomas, I.
Giurgiu, R. Hickman, K. A. Abboud, J. R. Reynolds, Macromolecules 2000,
33, 7051.
R. M. Walczak, J. R. Reynolds, Advanced Materials 2006, 18, 1121.
V. Seshadri, J. Padilla, H. Bircan, B. Radmard, R. Draper, M. Wood, T. F.
Otero, G. A. Sotzing, Organic Electronics 2007, 8, 367.

Chapter 4

[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]

170

H. Bircan, V. Seshadri, J. Padilla, M. Invernale, T. F. Otero, G. A. Sotzing,
Journal of Physics: Conference Series 2008, 012011.
Y. Pang, X. Li, H. Ding, G. Shi, L. Jin, Electrochimica Acta 2007, 52, 6172.
A. Watanabe, K. Mori, Y. Iwasaki, Y. Nakamura, S. Niizuma,
Macromolecules 1987, 20, 1793.
S. Dong, J. Ding, Synthetic Metals 1987, 20, 119.
P. Tehrani, L.-O. Hennerdal, A. L. Dyer, J. R. Reynolds, M. Berggren,
Journal of Materials Chemistry 2009, 19, 1799.
B. D. Reeves, C. R. G. Grenier, A. A. Argun, A. Cirpan, T. D. McCarley, J.
R. Reynolds, Macromolecules 2004, 37, 7559.
S. A. Sapp, G. A. Sotzing, J. R. Reynolds, Chemistry of Materials 1998, 10,
2101.
L. Ma, Y. Li, X. Yu, Q. Yang, C.-H. Noh, Solar Energy Materials and Solar
Cells 2009, 93, 564.
I. Schwendeman, J. Hwang, D. M. Welsh, D. B. Tanner, J. R. Reynolds,
Advanced Materials 2001, 13, 634.
P. C. Barbosa, M. M. Silva, M. J. Smith, A. Gonçalves, E. Fortunato,
Electrochimica Acta 2007, 52, 2938.
O. Inganäs, T. Johansson, S. Ghosh, Electrochimica Acta 2001, 46, 2031.
J. Padilla, V. Seshadri, T. F. Otero, G. A. Sotzing, Journal of
Electroanalytical Chemistry 2007, 609, 75.
J. Ouyang, C. W. Chu, F. C. Chen, Q. Xu, Y. Yang, Advanced Functional
Materials 2005, 15, 203.
W. H. Kim, A. J. Makinen, N. Nikolov, R. Shashidhar, H. Kim, Z. H. Kafafi,
Applied Physics Letters 2002, 80, 3844.
M. P. de Jong, L. J. van Ijzendoorn, M. J. A. de Voigt, Applied Physics
Letters 2000, 77, 2255.
B. Winther-Jensen, J. Chen, K. West, G. Wallace, Macromolecules 2004, 37,
5930.
B. Winther-Jensen, K. West, Macromolecules 2004, 37, 4538.
A. Mohammadi, M. A. Hasan, B. Liedberg, I. Lundström, W. R. Salaneck,
Synthetic Metals 1986, 14, 189.
J. P. Lock, J. L. Lutkenhaus, N. S. Zacharia, S. G. Im, P. T. Hammond, K. K.
Gleason, Synthetic Metals 2007, 157, 894.
P. M. Sarada, K. Krishnamoorthy, S. Rabindra, K. Anil, Journal of Polymer
Science Part A: Polymer Chemistry 2005, 43, 419.
P. Subramanian, N. B. Clark, L. Spiccia, D. R. MacFarlane, B. WintherJensen, C. Forsyth, Synthetic Metals 2008, 158, 704.
B. Winther-Jensen, D. W. Breiby, K. West, Synthetic Metals 2005, 152, 1.
F. Manrico, M. Michael, Z. Kamil, M. Peter, Macromolecular Rapid
Communications 2009, 30, 1846.
J. Amir Saheb, rcaron, M. J. í Janata, Electroanalysis 2006, 18, 405.
K. Wagner, J. M. Pringle, S. B. Hall, M. Forsyth, D. R. MacFarlane, D. L.
Officer, Synthetic Metals 2005, 153, 257.
H. Randriamahazaka, C. Plesse, D. Teyssie, C. Chevrot, Electrochemistry
Communications 2003, 5, 613.
C. Visy, J. Kankare, Electrochimica Acta 2000, 45, 1811.
M. Skompska, Electrochimica Acta 1998, 44, 357.

Chapter 4

[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]

171

M. Skompska, A. Jackson, A. Robert Hillman, Physical Chemistry Chemical
Physics 2000, 2, 4748.
M. Bahrami-Samani, C. D. Cook, J. D. Madden, G. M. Spinks, P. G. Whitten,
Thin Solid Films 2008, 516, 2800.
M. Lapkowski, A. Pron, Synthetic Metals 2000, 110, 79.
I. Schwendeman, Optical and transport properties of conjugated polymers and
their application to electrochromic devices, Ph.D Thesis, University of
Florida, Florida 2002, 178.
G. Zotti, G. Schiavon, Synthetic Metals 1989, 30, 151.
Y. H. Ha, N. Nikolov, S. K. Pollack, J. Mastrangelo, B. D. Martin, R.
Shashidhar, Advanced Functional Materials 2004, 14, 615.
S. Nair, E. Hsiao, S. H. Kim, Chemistry of Materials 2008, 21, 115.
M. Fabretto, M. Müller, C. Hall, P. Murphy, R. D. Short, H. J. Griesser,
Polymer 2010, 51, 1737.
Z. Kamil, F. Manrico, H. Colin, M. Peter, Macromolecular Rapid
Communications 2008, 29, 1503.
K. Aoki, J. Li, Journal of Electroanalytical Chemistry 1998, 441, 161.
P. A. Levermore, L. Chen, X. Wang, R. Das, D. D. C. Bradley, Advanced
Materials 2007, 19, 2379.
J. Padilla, V. Seshadri, J. Filloramo, W. K. Mino, S. P. Mishra, B. Radmard,
A. Kumar, G. A. Sotzing, T. F. Otero, Synthetic Metals 2007, 157, 261.
T. F. Otero, H. Grande, J. Rodrguez, J. Phys. Chem. B 1997, 101, 3688.
D. M. DeLongchamp, M. Kastantin, P. T. Hammond, Chemistry of Materials
2003, 15, 1575.
T.-S. Tung, K.-C. Ho, Solar Energy Materials and Solar Cells 2006, 90, 521.
P. C. Barbosa, L. C. Rodrigues, M. M. Silva, M. J. Smith, A. J. Parola, F.
Pina, C. Pinheiro, Electrochimica Acta 2010, 55, 1495.

Chapter 5
Long term stability testing and
characterisation of electrochromic
device assembled using ionic liquid
and polymer electrolytes

Chapter 5

173

5 LONG TERM STABILITYTESTING AND CHARACTERISATION OF
ELECTROCHROMIC DEVICE ASSEMBLED USING IONIC LIQUID
AND POLYMER ELECTROLYTE

5.1

Introduction

The potential application of electrochromic devices include: windows, mirrors, smart
sunglasses, optical filters and display panels[1]. Recently, there has been a major
interest in electrochromic materials in large scale applications such as displays,
prepared by simple lamination of the film between conductive glasses. There are
several types of materials that can control the spectrum of light passing through
them. These materials are termed chromogenic materials,; such as a liquid crystal
that uses its molecular axis to turn the polarisation of the incoming light[2].
Examples of these include: suspended particle devices (SPDs) that use the alignment
of their spherical particles to scatter incoming light[3]. In contrast, electrophoretic
based devices utilise the displacement of charged coloured particles in an electric
field[4]. In a redox based electrochromic device it is the electrochemical reactions of
active components that provide the electrochromic properties[5]. In such devices, the
electrochromic effect requires at least two electroactive materials with at least one of
them presenting a reversible change in the optical properties when it undergoes
electrochemical oxidation or reduction. When developing and optimising these
devices, two main challenges are faced, namely: maximisation of the contrast of the
transmitted light between the oxidised and reduced states of the electrochrome, and
as to achieve an extended cycle lifetime for these devices[6]. At times these two
important features are diametrically linked, with an increase in performance of one
aspect achieved at the cost of the other.
While considerable research has focused on inorganic electrochromic materials such
as viologens[5], the use of organic conducting polymers (OCPs) in electrochromic
devices (ECDs) has gained scientific and commercial significance.

Organic

Chapter 5

174

conducting polymers have been utilized in technological applications ranging from
smart mirrors[7, 8], displays[9-11], sensors[12]. optical filters and display
panels[1]. Conducting polymers offer a range of processing routes such as solution
casting and spinning [13, 14], or direct electrochemical [9, 10, 15], and vapour
phase[14, 16], deposition on transparent electrode surfaces. These approaches
potentially provide better colour tunability than their inorganic and molecular
counterparts.
ECDs have recently been developed that use conducting polymers based on poly
(3,4-ethylenedioxythiophene) (PEDOT)[17, 18], and its derivatives such as poly(3,4propylene dioxythiophene) ProDOTs [[19] which are dark in their reduced states.
Such materials are commonly referred to as cathodically darkening electrochromes.
Other devices have utilised polypyrrole[13, 14], polyaniline[16] and their derivatives
such as poly(3,4-propylene dioxypyrrole) (ProDOP)[20, 21]

and poly-2-

methoxyaniline-5-sulfonic acid (PMAS)[22, 23], respectively, which darken in their
oxidised states and are commonly referred to as anodically darkening
electrochromes. Dual polymers have been used more recently in electrochromic
devices[24], where the complementary darkening electrochromes have been utilised
at adjacent electrode surfaces within an ECD. The use of these two electrochromic
layers assists in the balancing of charge between the two layers to produce enhanced
contrast due to the additive colour changes in the two materials[6]. Importantly this
approach may also prevent the possibility of undesirable side reactions that may
occur at the non-functional counter electrode whose by-products may potentially
degrade the performance of a single electrochrome[24]. Performance degradation
may also occur as a result of incomplete redox cycling of a single electrochrome
layer in a single electrochrome ECD, whereas dual complementary electrochromes
may provide synergistic charged balanced switching resulting in an increased ECD
lifetime[24].
Electrochemical and spectro-electrochemical characterisation of ECDs have been
widely studied[17, 20, 21, 25-27] in regards to the contrast of the material used.[28].
Significant advancements have been made to increase the optical properties of
anodically and cathodically colouring polymers such as those discussed above.
Studies on electrochromic devices using conducting polymers on either side of the
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electrodes show ECD cycle instability over the range of 50 to 20,000 cycles, during
which the devices lose their contrast from 10% to 40% [15, 24, 26]. The reason for
the failure of these electrochromic devices has been attributed to the assembly of the
devices in air, where the oxygen-sensitive neutral form of the conducting polymer is
likely to irreversibly oxidise during switching[26]. It has also been reported that as
the two electrodes of the electrochromic device have different electrochemical
windows, the applied voltage required to attain maximum optical contrast may
ultimately result in the breakdown of the electrochromic films, the electrolyte and
even conducting ITO layer[24]. Other researchers have also reported that it is the
high potential required to ensure good electrochromic contrast that causes
degradation [15]. Unfortunately these studies do not identify which component was
responsible for the decrease in ECD performance.

5.2

Characterisation approaches

5.2.1 EIS Spectroscopy

Electrochemical impedance is an inherently non-steady state technique that allows
simultaneous analysis of many charge transfer processesof different phenomena on
different time scales[29]. The method gained much popularity in studies of coatings
and corrosion on metals[30], self assembled layers[31], polymer degradation[32]
and analytical chemistry[33]. It is a powerful technique for studying charge transfer,
ion diffusion and capacitance of conducting polymer modified electrodes such as
polyacetylene, polypyrrole and polyaniline[34]. Iroh et al. [35] have used
electrochemical impedance to study capacitance, by applying different dc
polarisation potentials to a PPy/PI(polyimide) composite. These different DC
polarisation potentials helped in the study of the properties of the films at different
levels of oxidation and reduction[35]. Electrochemical impedance spectroscopy has
also been used by Deb et al. [36] to understand the mechanism of ion insertion in
inorganic electrochromic devices. It was also used by Rezrazi [37] to determine the
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electrical parameters of WO3 electrodes in ECD over long time cycling. Girotto et al.
[18] used electrochemical impedance spectroscopy in the study of flexible
electrochromic devices to determine the resistance of the electrolyte and to
investigate its effect on the electrochromic properties of the devices, mainly on the
response time. The critical step in understanding and quantitative analysis of
impedance data is the construction of the so called equivalent circuit or Randles
circuit, which addresses all the relevant physical phenomena and incorporate them as
correctly connected elements[29]. Vergaz et al. [38] proposed a Randles circuit
(equivalent circuit) for a dual symmetrical polymer electrochromic device made up
of PEDOT on both electrodes. The schematic representation of the circuit proposed
by him is shown in Figure 5-1.

Figure 5-1 : Electrical equivalent circuit modelled for a flexible electrochromic
device.

The circuit consists of resistance (Rct) that reflects the charge transfer insertion
reaction, in parallel with a capacitor that stands for the double layer capacitance
(Cdl) associated with the interfaces. They also consider other residual processes
which involves the switching, such as ITO contact resistance which is modelled as
(Rs), in series to the rest of the set. In their device they also addressed the problems
in the construction of the device such as bubbles, bad adhesion to the contacts, non
homogeneity of the materials with the introduction of the parallel resistance (Rp) and
capacitor (Cp) set in series with the rest of the circuit. The migration of the ions in
the conducting polymer is a diffusion process, and the way they address this is
through the finite length Warburg impedance[38]. Until now, no one has studied and
reported on the behaviour of the device with regards to its cycle life. It would be
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interesting to see if there are similar effects on our device when the device is cycled
for prolonged cycles.

5.2.2 Raman & FTIR spectroscopy

Raman and infrared absorption spectroscopy are very useful and complementary
techniques that allow one to probe the normal vibration modes and subsequently,
structure of the molecule[39] ( See Chapter 2,Section 2.7, 2.8 for details). Raman
spectroscopy is a very useful tool for studying the doping process in conjugated
polymers[40]. In-situ Raman spectroscopy has been carried out by Garreau et al.
[39] to understand the doping process of PEDOT. They observed that during doping,
new bands appear, indicating a modification of the electronic structure of the
polymer. Liu et al. [41] had also observed that the conductivity and the doping level
of PPy are strongly related to the Raman peaks. They carried out Raman
spectroscopy of PPy in the oxidised and reduced states and observed a noticeable
change in peak shift of C-H and C=C due to doping and undoping.
FTIR spectroscopy of PPy was carried out by Neoh et al. [42] to understand the
degradation of the films. They carried out FTIR spectroscopy of the pristine PPy
doped with toluenesulfonate (PPy-TSA) and after exposing the film to NaOH. The
exposure of the PPy film to NaOH at different time intervals lead to decreases in the
conductivity of the films and also at the same time lead to the appearance of a peak
due to C=O. This indicated that the PPy film was over-oxidised[42]. Beck et al. [43]
had also used FTIR to study the over-oxidation of PPy. FTIR spectroscopy has also
been carried out to study vibrational signatures of electrochemical p- and n- doping
of PEDOT[44, 45].
Until now, there are no research papers or any reports of studies on the impedance of
the electrochromic device with regards to the switching cycle. Impedance
spectroscopy with appropriate equivalent circuit modelling would help us to
determine the change in the resistance and capacitance with cycle life. At the same
time, in-situ Raman and FTIR spectroscopy of the electrochromic device would help
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to determine the doping characteristic or modification of the functional group of the
conducting polymer with regards to cycle life. So coupling the three techniques we
can analyse the conformational, structural and change in the electrical response of
these devices with respect to cycle life.

5.3

Characterisation of the device

5.3.1 Long term stability and Photopic contrast measurement

The photopic contrast of PEDOT/PPy device was measured using an Hunterlab
ColourQuest XE over a wavelength range of 300 nm to 700nm by applying
potentials of ±1500 mV and ±1000 mV for periods of 20 seconds.
The long term stability of the electrochromic device was investigated by pulsing the
device in between the applied potentials of -1500 mV and +1500 mV for 10,000
cycles and then measuring the impedance and contrast of the device after specified
cycles up to 50,000 cycles.

5.3.2 Impedance Spectroscopy

The devices were characterised using an AC impedance spectroscopy acquired from
Gamry EIS 3000 which measures the complex impedance. PEDOT was used as a
working electrode and PPy as the combined counter and auxiliary electrode.
Electrochemical impedance spectroscopy (EIS) on the ECD was carried out at a bias
potential of 0 mV between the working (PEDOT) and the counter electrode/reference
(PPy) electrodes with a 5mV AC amplitude. The frequency was varied from 100,000
Hz to 0.1 Hz. Impedance spectra could not be obtained at the ECD operational
potentials of ±1500 mV and ±1000 mV, as at these switching potentials significant
redox processes were occurring at the electrochromic layers making the responses
unstable. To overcome this problem, a potential of 0 mV was selected since at this
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potential the electrochemical reactions at the individual electrodes would be at
minimum. Spectra were acquired by interrupting the ECD cycling process at 10,000
cycle’s intervals, applying a 0 mV bias until the cell current reached zero and then
recording the impedance response.

5.3.3 Raman Spectroscopy

Raman Spectra of PEDOT and PPy were measured in-situ in the device using a 632
nm HeNe laser and a JY HR800 Raman Spectrometer with a 300 line grating
providing spectral resolution of ±1.5 cm-1. Before assembling the device a small (4
mm2) area of the polymer was removed from a region on the surface of each
individual electrode to prevent spectral interference by the adjacent polymer coating.
Raman spectra were acquired by focusing through the glass back face of each
respective electrode onto the region of the conducting polymer overlaying the small
uncoated ITO window in the ECD. The spectra were recorded in the oxidised (+1500
mV) and the reduced state (-1500 mV), both before and after cell cycling to
determine the cycling behaviour of the electrochromic layer.

5.3.4 FTIR

FTIR specular reflectance characterisation was performed using a Shimadzu
Prestige21 spectrometer. Direct FTIR measurements of the electrochromic layers
films were complicated by the fact that layers were very thin (ca. 300 nm),
transparent and highly transmissive. To overcome this problem, two separate
reflectance ECDs were constructed where one polymer was coated onto an ITO
mirror supplied by YihDar with Silicon as an insulator layer between the glass coated
with Aluminium and ITO coatings, and the other polymer onto ITO glass. The FTIR
spectra of each conducting polymer deposited onto the reflective mirror was
measured before the device was assembled and sealed. The device was then cycled
between the applied potentials of ± 1500 mV until the cell showed a decrease in the
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contrast of the electrochromic device. Typically the device was cycled for 50,000
cycles during which the device showed a loss in contrast. The device was then
dismantled and the FTIR spectra of each mirrored electrode measured and compared
with the original spectra to investigate any change in the polymer structure.

5.4

Experimental

5.4.1 Reagents and materials

3,4-ethylenedioxythiophene or EDOT (Aldrich) and PPy (Pyrrole) (Merck) and
block co-polymer poly(ethylene glycol – ran- propylene glycol) PEG-PPG-PEG were
used as received. Iron(III) tosylate (Fe(III)pTS - 40% w/v solution in butanol,
Baytron CB-40) was received from Bayer AG. A hydrophobic ionic liquid
electrolyte N-butyl-3-methylpyridinium trifluoromethanesulphonylimide (P1,4 TFSI)
was received from Merck and was bubbled with nitrogen at 600C to deoxygenate and
remove water prior to use. Solid polymer electrolyte (SPE) was prepared by mixing
PEO and LiTFSI in an optimal 8:1 mole ratio. The polymer-salt mixture was then
dissolved in 25 % w/v acetonitrile. To this gel solution, 25 % w/w of P14TFSI
plasticiser was added, and the electrolyte stirred for 24 hours. The acetonitrile
solvent was then allowed to slowly evaporate at room temperature and then the
mixture was dried in vacuum for a further 24 hours. ITO coated glass was received
from Yihdah (Taiwan) and had a resistivity of 15 ohms/square.

Chemical vapour phase polymerisation (VPP) of polypyrrole (PPy) was carried out at
room temperature in a closed glass chamber. CB 40, (Fe(III)pTS) in 1-butanol) was
further diluted with 60 % v/v butanol, to reduce the viscosity of the oxidant to a level
suitable for spin coating. The block polymer PEG-PPG-PEG (5%w/v) was added to
the oxidant solution in order to reduce the formation of Fe(II)pTS crystals in the
resulting VPP coatings [46]. Fe(III)pTS (40% concentration in butanol) was spin
coated on to ITO coated glass at 1700 rpm for a period of 15 seconds. The glass
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substrate was placed onto a hot plate at 600C to facilitate the evaporation of the
butanol solvent. The Fe(III)pTS-ITO glass substrate was then transferred to a sealed
(1500 cm3) VPP reaction chamber which contained 1 mL of pyrrole monomer held at
room temperature. The oxidant coated ITO substrate immediately turned black as a
75-80 nm thick polypyrrole film was deposited over a 40 minutes exposure to the
pyrrole vapour. The PPy coated ITO glass was removed from the VPP chamber and
placed onto a hot plate at 600C for 10 minutes to react any adsorbed excess monomer
for a period of 10 minutes. The PPy coated ITO glass was then washed with ethanol
to

remove

unreacted

monomer

and

Fe(II)

salt

oxidation

by-products.

Polyethylenedioxythiophene (PEDOT) was polymerised under the same conditions
discussed above but, in this case, the VPP chamber containing 1 mL of the
ethylendioxythiophene (EDOT) monomer was placed into an oven at 600C. The
polymerisation time was 40 minutes and the film washed with ethanol to remove
reaction by-products until a characteristic transmissive light blue coloured film of
PEDOT was obtained. Typical film PEDOT thicknesses of 75-80 nm were produced.

5.5

Results and Discussion

5.5.1 Device performance with respect to cycle life

The effect of applied potential and cycle life on the electrochromic performance of
the device was studied. The photopic contrast (see Chapter 2, Section 2.14 for
details) of the electrochromic device was measured at regular intervals of 10,000
cycles up to 50,000 cycles and is shown in Figure 5-2. It was observed that the
device gave an initial photopic contrast of 42 % ± 2% and the contrast decreased
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Figure 5-2 : Photopic contrast vs. cycle life of PEDOT/PPy electrochromic device
using ionic liquid and polymer electroyte in between the applied potential of ± 1500
mV.

to a steady state when measured at regular intervals, reaching 32 % ± 2% after
50,000 cycles. In the case when polymer electrolyte was used as an electrolyte, the
contrast of the device was initially 38% ± 2% which increased to 41% ± 2% after
10,000 cycles; then there was a dramatic decrease in contrast from 41% ± 2% to 36%
± 2% between 10,000 cycles and 20,000 cycles. Eventually a gradual decrease in
contrast of the device from 36% ± 2% to 33% ± 2% from 20,000 cycles to 50,000
cycles was observed. Similar changes in contrast on cycling the device was also
observed by Ho et al. [47] in a PEDOT, Prussian blue electrochromic device. They
suggested four stage behaviour in the electrochromic device. The first stage was film
stabilisation. During the second stage the optical variation remains constant, and then
a dramatic decrease was observed in the third stage. In the fourth stage, the device
gradually begins to lose performance at a moderate rate[47]. The increase in the
contrast in our case using polymer electrolyte may correspond to the first stage of
device stabilisation. The remaining three stages observed in the PEDOT, PPy
electrochromic device are similar to the ones observed by Ho; where the optical
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variation remained constant initially, followed by a dramatic decrease from 10,000 to
20,000 cycles and then a gradual decrease after 20,000 cycles and up to 50,000
cycles. The performance of the electrochromic device containing polymer
electrolytes or ionic liquid was found to be similar over extended periods of cycling
and, hence, the device containing ionic liquid would be used for further studies. The
decrease in the contrast of the device indicates that there was some kind of
degradation inside the device which would be further characterised using Impedance,
Raman and FTIR spectroscopy.

5.5.2 Impedance Spectroscopy

5.5.2.1 Impedance spectroscopy of the device cycled between +1500 mV and 1500 mV

The Nyquist spectrum of the electrochromic device when the applied potential was 0
mV while measuring the impedance is shown in Figure 5-3A. The Bode and Nyquist
plots of the impedance spectrum display two distinct frequency dependent regions,
with a distinct time constant (RC) (Figure 5-3B, 5-3C). In the higher frequency
range (from 10 to 105 KHz), capacitive behaviour of the device was observed (Figure
4-3A) and for the frequencies below 10Hz a linear behaviour was observed (Figure
5-3B, 5-3C); which is typical of ionic diffusion behaviour for a conducting polymer.
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Figure 5-3 : Nyquist plot for impedance data obtained and their fits (solid line) at 0
mV for the electrochromic device at 0 cycles (A), Bode plot |Z| (B) and Bode plot
phase angle (Theta) (C) when ionic liquid was used as electrolyte. Potential applied
during measurement was 0 mV .
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5.5.2.2 Cycling of device between potentials of +1500 mV and -1500 mV

The Nyquist spectrum of the electrochromic device after 50,000 cycles, measured by
applying a potential of 0 mV between the electrodes, is shown in (Figure 5-4A). It
was observed that there was an increase in the size of the semicircle, which indicates
that there was an increase in the value of the charge transfer resistance (Rct) at the
point where the semicircle crosses the x-axis. This resulted in an increase in the
resistance to the electron flow as the electrode became more resistive. In the Bode
plot (Figure 5-4B) it was observed that the absolute impedance |Z| was not
independent of the frequency between the high and intermediate regions. And
similarly, the phase angle value (Theta) (Figure 5-4C) was not near zero degrees
between high and intermediate frequencies as represented in the bode phase plot.
From intermediate to low frequencies, the phase angle was increasing linearly,
indicating that diffusion was taking place. This behaviour was quite different as
compared with the device measured at 0 cycles, indicating that there was a change in
polymer electronic properties.
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Figure 5-4 : Nyquist plot for impedance data obtained and their fits (solid line) at 0
mV for the electrochromic device at 50,000 cycles (A), Bode plot |Z| (B) and Bode
plot phase angle (Theta) (C) when ionic liquid was used as electrolyte. Potential
applied during measurement was 0 mV.
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5.5.2.3 Impedance spectroscopy of the device when cycled between +1000
mVand -1000 mV

The Nyquist spectrum of the electrochromic device when the applied potential was 0
mV while measuring the impedance is shown in Figure 4-5. The Nyquist plot shows
a semicircle in the high and intermediate frequency range, and capacitive behaviour
at low frequencies (Figure 5-5A). It can be observed that, in the high and
intermediate frequency region, the absolute impedance |Z| did not change with the
change in frequency (Figure 5-5B). The phase angle (Theta) (Figure 5-5C) did not
change between the high and intermediate frequencies as represented in the Bode
phase plot (Figure 5-5B). This type of behaviour is observed when the electrodes are
resistive in nature. Ultimately in the low frequency region a linear relationship was
observed in the Nyquist and Bode plots; which indicate an ionic diffusional
behaviour of the conducting polymer.
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Figure 5-5 : Nyquist plot for impedance data obtained and their fits (solid line) at 0
mV for the electrochromic device at 0 cycles (A), Bode plot |Z| (B) and Bode plot
phase angle (Theta) (C) when ionic liquid was used as electrolyte. Potential applied
during measurement was 0 mV.
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5.5.2.4 Cycling of device between +1000 mVand -1000 mV

When the device was cycled for 50,000 cycles between potentials of +1000 mV and 1000 mV, the semicircle in the high and intermediate frequency region broadened as
compared with the device at 0 cycles (Figure 5-6A). This indicates that there was a
slight increase in the charge transfer resistance. The slight increase in the charge
transfer resistance, as compared to initial cycling of the device at 0 cycles, may be
due to the exchange of dopant having taken place during cycling. At the same time,
the absolute impedance |Z| did not change and was independent of frequency at high
and intermediate frequencies (Figure 5-6B). The phase angle plot (Theta) (Figure 56C) too did not change at high and intermediate frequencies. In the low frequency
region, the phase angle and the Bode plot show a linear behaviour, indicating the
capacitive behaviour of the electrode.
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Figure 5-6 : Nyquist plot for impedance data obtained and their fits (solid line) at 0
mV for the electrochromic device at 50,000 cycles (A), Bode plot |Z| (B) and Bode
plot phase angle (Theta) (C) when ionic liquid was used as electrolyte. Potential
applied during measurement was 0 mV.
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5.5.3 Electrical Equivalent Circuit modelling (EEC)

5.5.3.1 Proposed equivalent circuit for the electrochromic device

It is important that any proposed EIS model describes a realistic combination of
electrical processes that can be expected in an electrochemical process. It was
initially postulated that an electrochromic device may be represented by an
equivalent circuit which descibes the independent behaviours of each electrochromic
layer as well as the behaviour of the assembled device as effectively a parallel plate
capacitor (Figure 5-7).

Figure 5-7 : Schematic diagram of an electrochromic device and equivalent circuit.
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In the proposed model, the R2 and CPE1 parallel circuit represents the
polymer/electrolyte interface of the working electrode (PPy); since the conducting
polymer is the film separating the electrolyte and the electrode. The R2 element
represents the charge transfer of the conducting polymer measured at high frequency
and is associated with the conducting polymer efficiency in transferring charge.
CPE1 represents the capacitive nature at the polymer/electrolyte interface at high
frequency.
The second CPE2 and R3 parallel circuit represents the charge transfer through the
polymer membrane between the high and the intermediate frequency. Since the
counter electrode (PEDOT) is also made up of conducting polymer, CPE2 represents
the double layer in between the conducting polymer / electrolyte and R3 represents
the charge transfer resistance of the counter electrode containing conducting
polymer.
At low frequencies, diffusion of ions between the conducting polymers and
electrolyte dominates the spectrum. Since the conducting polymers in the device do
not behave as an ideal capacitor, the charge generated at the applied DC potential is
transported through the double layer represented by CPE3 at the polymer/electrolyte
interface. The capacitive nature of CPE3 determines the activity of the polymer at
low frequencies.
This model was found to provide a good data fit. However, it assumes that the
electrical behaviour of each electrochromic conducting polymer was independent of
each other. For the model to be valid, the observed experimental EIS data should
exhibit three defined RC time constant behaviours. A common trap of EIS modelling
is that the use of additional RC time constants in the model will usually result in a
better fit, even if the use of the additional process cannot be substantiated by the
observed experimental data. In this instance the postulated electrochemical
functionality of the electrochromic layers on the opposing electrodes was found to
exhibit non-independent behaviour; as only two discrete RC time constants were
observed in the Bode and Nyquist EIS plots, see Figures 4-5(a) and 4-6(a). As a
consequence, the proposed model was rejected as the EIS model did not adequately
describe the observed experimental response. This finding was reasonable given that
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the final level of oxidation or reduction that one electrochromic layer undergoes to
achieve a colour change must be balanced by the adjacent layer to the same extent.
Due to the poor correlation of the above model, and the fact that truly independent
electrical behaviour was not seen between the two different electrochromic layers,
the model was simplified to combine the ECD layer into a single RC element to
describe the charge transfer processes of the two conducting polymer layers that are
bounded by their other’s redox limits (or charge states).

5.5.3.2 Electrical Equivalent Circuit modelling (EEC)

The critical step in understanding and quantitative analysis of impedance data is the
construction of the so called equivalent circuit, which must address all the relevant
physical phenomena and incorporate these as correctly connected elements[29]. The
electrochemical impedance response of electronically conducting polymers is known
to be represented by Randles circuit comprising of resistance (R) and capacitance
(C). In electrochemical systems, capacitance is typically modelled as a constant
phase element (CPE) which describes non-ideal capacitive behaviour, with a fit
parameter (P), where 0 ≤ P ≤ 1. When P = 1 the CPE behaves as an ideal capacitor.
[48]. In an EEC it is possible to assign circuit elements to frequency dependent
responses that can be related to different transport and capacitive mechanisms
involved in polymer oxidation and reduction processes; iea series resistance Rs for
the electrolyte, a capacitance

for the double layer at the electrode/electrolyte

interface, and a charge transfer resistance Rct[49] .
Independent electrical behaviour was not seen between the two different
electrochromic layers and, in the device, the EIS presented two frequency dependent
behaviours, or RC time constant, reflecting an average of the properties of the
electrochromic layers. As a consequence, the model adopted combined the ECD
layer into a single RC element to describe the charge transfer processes of the two
conducting polymer layers that are bounded by each other’s redox limits (or charge
states).
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The electrical equivalent circuit of the electrochromic device is shown in Figure 5-8.
It consisted of a resistance (Rct) that reflects the charge transfer insertion reaction, in
parallel with a capacitor (CPE) that stands for a double layer capacitance associated
with the electrode/electrolyte interface. The resistance term, Recd, can be considered
to describe the bulk impedance properties of the assembled device and includes
components such as ITO contact resistance, electrolyte resistance and surface film
resistance. At high frequencies the capacitance (CPE) conducts easily (shortening out
the charge transfer resistance Rct), leaving only the effect of the conduction series
resistance (Recd). As the frequency decreases, the conduction of the capacitance
becomes less and results in a smaller response due to increase in Rct.
As the frequency approaches zero, the influence of the capacitance of the device was
reduced and the impedance of the cell was characterised by a second low frequency
dependent process. Another key feature of any conducting polymer is its ability to
take up and release dopant molecules based upon its respective oxidised and reduced
states. This process is well known to be a diffusion related process[50]. Diffusion
behaviour can be successfully modelled using the open circuit Warburg (Wo)
impedance element at low frequencies. The low frequency impedance behaviour is
characterised by semi-infinite Warburg diffusion behaviour that is proportional to
reciprocal of the square root of frequency. At higher frequencies, this term is small
and therefore the diffusion behaviour will not be observed. Additionally, this
behaviour is typified by the slope of the low frequency component of an isometric
Nyquist plot as approximating a straight line with a slope of 45°, with respect to the
real impedance axis (or an Wo EEC fitting parameter (P) being close to ½).

R ecd

CPE
R ct

Wo

Figure 5-8 : Schematic representation of an equivalent circuit for a conducting
polymer electrochromic device.
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5.5.3.3 Modelling data of the device between the applied potentialsof +1500
mV and -1500 mV

The fit parameters for the EEC model proposed in Figure 5-8 is shown in Table 5-1.
Error analysis for each model component is shown and provides a good level of
confidence in the models ability to adequately describe the frequency dependent
processes being described.
Table 5-1 : Data obtained by equivalent circuit fit for the device cycled between the
potentials of +1500 mV and -1500 mV. All EIS measurements were made at a bias
potential of 0V with a 5mV AC amplitude over a 100 KHz to 1 Hz range.

Cycle

R ecd

No.

CPE

CPE

Rct

(Charge

-P

(Charge

Transfer)

W1-R

W1-T

W1-P

Transfer)

0

63.3

0.000265

0.71

3.7

6.1

0.28

0.47

10

53.9

0.000413

0.63

18.0

33.7

0.15

0.45

20

67.4

0.000412

0.63

28.4

32.7

0.13

0.44

30

63.1

0.000299

0.66

35.1

36.9

0.13

0.43

40

64.9

0.000227

0.69

55.9

43.8

0.13

0.42

50

84.7

0.000171

0.71

75.2

76.1

0.24

0.42

0.3

7.9

1.5

2.3

4.4

5.5

0.2

Mean
%
Error

Chapter 5

196

It was observed that the bulk resistance term, Recd, of the electrochromic device
remained stable throughout the cycling of the device, with the exception of the 50 K
cycle. This indicated that the overall device resistance did not play a significant role
in the device’s performance variation until the latter stages of cycling. Charge
transfer resistance (Rct) determines the ease with which the conducting polymer can
gain or lose charge via oxidation and reduction processes within the electrochromic
layers. It was observed that the charge transfer resistance increases with the increase
in the cycle life from 0 to 50K, Figure 5-9. This behaviour parallels the loss in
photopic contrast of the devices cycled over the ± 1.5V test range. This behaviour
will arise from one or both of the conducting polymer electrochromes losing their
electroactivity upon extended device cycling. Unfortunately, as the EIS technique
was carried out on an assembled device structure, it was not possible to identify
which component was degrading. Thereforeother characterisation techniques, FTIR
and Raman spectroscopy, have been utilised to determine which component is
unstable on extended cycling (see later).
The capacitance (CPE1) of the system exhibited a significant increase from 265 µF
for the as assembled non-cycled device to 423 µF after 10K cycles, respectively.
This behaviour typifies the early testing stages of ECDs, and has been observed by
others who have reported that the photopic contrast behaviour of non-cycled devices
change significantly during the early stages of cycling[47]. Such behaviour has been
described as a settling in process where charge balancing and dopant rearrangements
will occur within both electrochromic layers [14, 51]. Over the 10K to 20K cycle
range, this capacitance remains relatively stable but then decreases linearly to 171
µF. The decrease in the capacitance after 20K can be explained due to the
degradation of an electrochromic layer within the device.
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Figure 5-9 : Charge transfer resistance and capacitance of PEDOT/PPy
electrochromic device at 0 mV from 0K -50K cycles when the device was cycled
between +1500 mV and -1500 mV.

The other significant component of the EIS model is the diffusional behaviour of the
electrochromic layers within the device. It was observed that the value of W01-P,
representing the ideality of the Warburg diffusion parameter (Table 5-1), decreased
from 0.47 to 0.42 with cycling. This value was close to the theoretical value of 0.5
and confirms infinite Warburg diffusion behaviour in the earlier device cycles.
However, it is clear that as the device was repeatedly cycled there were changes to
the diffusional behaviour of one or both electrochromic layers within the device.

As discussed above, the migration of ions within a conducting polymer is a diffusion
limited process and therefore must play an important role in determining the
electroactivity of the film. It was observed that the Warburg resistance parameter
(Wo1-R) increased with increase in the early stages of cycling (Figure 5-10) due to
device equilibration processes, and then remained relatively stable between 10K to
40 K device cycles. After 40 K cycles, there was a significant increase in the
Warburg resistance parameter; indicating that one of the conducting polymer
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electrodes was losing its ability to undergo charge or redox switching and therefore
became more resistive. At the same time, the Warburg diffusion thickness parameter
(Wo1-T), which relates to l2/D where D represents the ion diffusion parameter (which
is a constant under these conditions) and l represents the diffusion length, also
sharply increased. As discussed above, the initial decrease in Wo1-T was due to
device equilibration, presumably due to dopant ion exchange with the ionic liquid
electrolyte. This was followed by a stable period up to 40 K cycles where the nature
of the ion diffusion process was relatively constant. However, after 40 K cycles there
was a clear change in the nature of the ion diffusion processes at the working
electrode, indicating that one or both of the conducting polymer electrochromes had
lost its charging and discharging capacity.

Figure 5-10 : Warburg diffusional resistance and thickness of PEDOT/PPy
electrochromic device at 0 mV from 0K -50K cycles when the device was cycled
between +1500 mV and -1500 mV.
The least sensitive component was the resistance of the ECD, Recd, and therefore it
was not a good parameter to monitor the overall device performance. EIS analysis
indicated that the most sensitive component to degradative changes in the
performance of an ECD were the parameters associated with the charge transfer
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resistance of the electrochromic layers. An increase in the Rct parameter paralleled
the loss of device photopic contrast, as can be observed in Figures 5-2 and 5-9.
Interestingly, changes in all other parameters in the early stages of device cycling
from 0 to 10 K cycles confirmed a settling in process where charge balancing and
dopant rearrangements occurred within the conducting polymer electrochromes.
Device capacitance (CPE) exhibited a decrease upon extended cycling beyond 20 K
cycles. The diffusion and doping processes were surprisingly resilient to the apparent
degradation of the charge transfer impedance components of the device. This would
imply that, after the initial dopant exchange processes, the nature of this process
remained unchanged until the device exhibited extensive redox related damage after
50 K cycles. This feature at 50 K cycles was the case for all other model parameters
investigated.
An explanation of the apparent stability of the diffusion behaviour, which was in
stark contrast to the charge transfer component degradation, may be the fact that
even though the polymer electrochromic layers were exhibiting redox damage the
process associated with doping precesses did not change until the system exhibited
failure at 50 K cycles. At this point all modelled parameters investigated presents
similar degradation. What was clearly evident in these studies is that even though
EIS is a powerful technique for exposing redox cycle damage, it can not indicate
which electrochromic layer component sustained this damage. As a consequence,
other spectroscopic techniques, Raman and FTIR, were utilised to elucidate this
feature.

5.5.3.4 Modelling data of the device between the applied potentials of +1000
mV and -1000 mV

The equivalent circuit model used previously was also used to model the data
obtained here by the impedance plots. Table 5-2 shows the values of different
components which are obtained by fitting the spectrum using the equivalent circuit. It
was observed that the bulk resistance Recd of the electrochromic device remained
almost stable till 50K cycles, indicating that the overall device resistance did not play
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a significant role in the device performance as compared to applying ±1500 mV
where Recd changed at the latter stage of the cycling. As the charge transfer resistance
at high frequency determines the ease with which the conducting polymer can gain or
lose charge, it was observed that the charge transfer resistance increased marginally
from 0K to 30K cycles (Figure 5-11) but gradually stabilised thereafter. This is in
contrast to when ±1500 mV was applied, where the charge transfer resistance
increased with cycle life. The initial increase may be due to device stabilisation
which can be observed by the change in the photopic contrast of the device as
represented in Figure 5.17. This indicates that the conducting polymer had the same
electroactivity after cycling as compared with before cycling.

Chapter 5

201

Table 5-2 : Data obtained by equivalent circuit fit for the device cycled between the
potentials of +1000 mV and -1000 mV. All EIS measurements were made at a bias
potential of 0V with a 5mV AC amplitude over a 100 KHz to 1 Hz range.

Cycle

R ecd

No.

CPE

CPE-

Rct

(Charge

P

(Charge

Transfer)

W1-R

W1-

W1-P

T

Transfer
)

0

29.6

0.0000084

1.00

1.00

5.30

0.04

0.47

10

25.8

0.0000894

0.92

1.00

2.90

0.02

0.47

20

31.7

0.00044

0.75

1.20

2.60

0.01

0.47

30

32.0

0.00029

0.78

1.50

3.00

0.02

0.47

40

33.1

0.00022

0.82

1.30

3.10

0.02

0.47

50

27.8

0.000198

0.83

1.40

3.50

0.02

0.47

0.13

29.39

3.56

4.66

3.24

3.56

0.14

Mean
%
Error
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Figure 5-11 : Charge transfer resistance and capacitance of PEDOT/PPy
electrochromic device at 0 mV from 0K -50K cycles when the device was cycled
between +1000 mV and -1000 mV.

The capacitance of a conducting polymer (i.e. the electrolyte/electrode interface) is
known to decrease with cycle life when the device was cycled between ±1500 mV.
In contrast, the effect of cycling between the potentials of +1000 mV and -1000mV
did not have any effect on the capacitance.
Initially the capacitance of the electrochromic device increased from 8.4 µF to 440
µF (Table 5-2), which can be attributed to the charge settling process as described
above. This can also be observed by the increase in the photopic contrast of the
device (Figure 5-17). There was stabilisation of the photopic contrast after 20K
cycles but there was a decrease in the value of the capacitance. The error level
associated with the capacitance is quite high (Table 5-2) and therefore the
justification for the decrease in the value (Figure 5-11) was difficult to predict as the
photopic contrast remained unchanged from 20 K to 50K cycles, as shown in Figure
5-17.
It can be observed that the value of W01-P, representing the ideality of the Warburg
diffusion parameter, is 0.47 (Table 5-2) which is quite close to the theoretical value
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of 0.5 and so confirms infinite Warburg diffusion behaviour during the cycle life and
that there was no change in the diffusional behaviour of the electrochromic layers
within the device.
At low frequency, migration of ions is a diffusion limited process and can be
observed using a Warburg resistance parameter. It was observed that the diffusional
resistance gradually decreased from 0K – 10K cycles(Figure 5-12) and remained
stable thereafter, indicating that the system was highly stable and both the conducting
polymers were effectively getting oxidised and reduced at these potentials.
The Warburg diffusion thickness parameter (W01-T) is related to l2/D, where D
represents the ion diffusion parameter (which is constant under these conditions) and
l represents the diffusion length. There was an initial decrease in the Warburg
diffusion thickness parameter when the device was cycled up to 20K cycles (Figure
5-12), which presumably was due to device equilibration involving dopant ion
exchange with the ionic liquid electrolyte. Thereafter there was a slight increase
before remaining almost stable till 50K cycles, indicating that there was no change in
the nature of the ion diffusion process at the working and counter electrodes, and that
both the conducting polymer electrochromes were effectively charging and
discharging to capacity.
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Figure 5-12 : Capacitance of PEDOT/PPy electrochromic device in between the
potential range of +1000 mV and -1000 mV in ionic liquid.
It was observed that there were changesin all the parametersduring the early stages of
cycling from 0 to 20K cycles, confirming a settling in the processes where charge
balancing and dopant rearrangement occured within the conducting polymer.
Thereafter the process remained unchanged till 50K cycles, which can also be
observed by the change in the photopic contrast in Figure 4-19.

5.5.4 Raman Spectroscopy

5.5.4.1 Raman Spectroscopy of the PEDOT Electrochromic layer.

Raman spectroscopy is a powerful technique for the analysis of conducting polymers
that is capable of highlighting structural and oxidation state changes in a conducting
polymer. It affords a non-destructive in-situ characterisation of the electrochromic
device by focusing through the back faces of the ITO glass electrodes the device is
fabricated from. In-situ Raman analysis was carried out on PEDOT and PPy in the
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oxidised (+1500 mV) and reduced forms (-1500 mV) before and after cycling for
50,000 cycles. Using a Raman laser wavelength of 632 nm it was observed that there
was an enhancement of the intensity of the reduced polymer bands of PEDOT when
in the reduced state due to resonance effects, while less intense Raman responses
were observed for PEDOT in the oxidised state[39].
PEDOT was observed to have a major peak at 1432 cm-1 which can be assigned to
the Cα=Cβ symmetric vibration in the PEDOT ring in the reduced form, Figure 513(a). This symmetric Cα=Cβ peak broadens and shifts to 1445 cm-1 when the ring
is in an oxidized state, Figure 5-13(b)[39].
The asymmetric stretching of Cα=Cβ at 1526 cm-1, seen in the reduced PEDOT in
Figure 5-13(a), was observed to shift to 1537 cm-1 upon oxidation and was evident
both before and after cycling, Figure 5-13(b). Upon extended cycling, a slight
decrease in the relative intensity of the Cα=Cβ peak was apparent that may indicate
some conformational changes in the polymer.
A peak at 1270 cm-1 was observed in the reduced PEDOT, Figure 5-13(a),that was
due to Cα=Cα. This stretching was split into two peaks when the PEDOT was
oxidised and was seen at 1239 and 1259 cm-1 for the un-cycled cell, and at 1236 and
1255 cm-1 for the cycled cell , Figure 5-13(b). Similar peak shifts upon oxidation
have been observed by Garreau et al. [39,34] at a 1064 nm Raman excitation
wavelength. Although there were slight intensity shifts in peak intensity while
cycling, the PEDOT spectra in either the oxidised or reduced states were similar in
nature and did not suggest significant changes as a result of redox cycling.
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Figure 5-13 : . Raman Spectrum of PEDOT before and after cycling in (a)the
reduced form, and in the oxidised form(b).
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5.5.4.2 Raman Spectroscopy of the PPy Electrochromic Layer
The Raman spectrum of PPy in the reduced form is shown in Figure 5-14 (a). A
significant sharp peak was observed at 750cm-1 which can be attributed to the
presence of the ionic liquid electrolyte. Interestingly this peak was barely observed
for the PEDOT electrode when in the reduced state but was evident in the oxidised
state, Figure 5-14 (a) and (b), and these intensity variations are directly due to
differences in resonance coupling of the PEDOT and PPy under different oxidation
states.

The spectrum acquired in the PPy reduced state, but before cycling, presented a peak
at 1560 cm-1 which can be attributed to the C=C stretching, whereas the peaks at
1342 cm-1 and 1050 cm-1can be assigned to the presence of C-C stretch and C-H in
plane bending respectively [52]. After extended 50 K cycling,

there was an

appearance of a new band at 1602 cm-1 that is indicative of the presence of a C=C
dication associated with the oxidised form of PPy, which is usually observed at 1619
cm-1 [53]. This result was surprising, given that the PPy electrode should have as
been in the fully reduced state. The presence of the dication peak provided evidence
that the polymer remained locked in the oxidised state. This behaviour may have
been a result of over-oxidation of the PPy which disrupted conjugation and thereby
preventing complete reduction of the polymer.
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Figure 5-14 : Raman spectra of: (a) PPy in the reduced form before and after
cycling, and (b) PPy in the oxidised form before and after cycling.
In the oxidised but non-cycled form of PPy, peaks were observed at 940 cm-1,
attributed to the C-H out of plane bending, and at 1070, 1094 and 1248 cm-1due to
the C-H in plane deformations, Figure 5-14(b). The peaks seen at 1070 and 1094 cm-

Chapter 5

1

209

were characteristic of the oxidised form of PPy. N-H in plane bending was observed

at 1248 cm-1 while, at 1374 cm-1, the C-C ring stretching mode in the oxidised form
of PPy was noted. [54] A peak at 1616 cm-1 was also noted, indicating the presence
ofC=C and was consistent with the presence of C=C dication,.[52]

After extended cycling, the overall spectral intensity was reduced with respect to the
peak at 750cm-1 associated with the ionic liquid electrolyte. The broad band that was
observed at 1374 cm-1, assigned to the C-C ring stretching mode in the oxidised form
of PPy, was significantly broadened and reduced in intensity. Similarly, the bands
that were seen at 1616 cm-1 shifted to 1606 cm-1 and also had a much lower intensity.
Also evident was the loss of the 1094 cm-1 band associated with the C-H in plane
deformation. The above results suggest that PPy suffered significant over-oxididation
damage in the electrochromic device after extended cycling.

5.5.5 FTIR Spectroscopy

Similarly, FTIR spectra of PEDOT was measured before and after cycling, and
interestingly it was observed that there were no apparent changes in the spectra as
shown in Figure 5-15. The band at 1487 cm-1can be ascribed to symmetric stretching
of Cα=Cβ[39] . The band at 1295 cm-1 is due to SO3- symmetric stretching which is
similar to the one observed at 1309 cm-1by Yoshioka and Jabbour [55]. Bands at
1163 cm-1 and 1132 cm-1, due to C-O-C stretching[56], are found in both the cycled
and uncycled cell. C-O-C asymmetric stretching can be observed in both the cycled
and uncycled device at 1044 cm-1[56]. C-H, C-S stretching are found at 967 cm-1 and
832 cm-1,respectively[57] . Oxyethylene ring deformation is found at 913 cm-1[39].
Both the cycled and the uncycled spectra are almost the same with some reduced
intensity in the cycled cell. This indicates that the PEDOT in the device is not
undergoing any conformational or structural changes.
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Figure 5-15 : FTIR spectra of PEDOT before and after cycling using ionic liquid as
an electrolyte.

To further confirm the oxidation of the PPy, FTIR spectra of the cell were measured
before and after cycling are shown in Figure 5-16. The peak at 1032 cm-1can be
attributed to C-H, N-H ring out of plane bending vibration, whereas peaks at 1168
cm-1 and 1546 cm-1can be attributed to the combination of C=C, C-C and ring
vibration of PPy respectively[58]. The band at 1168 cm-1 can be ascribed to C=C
stretch and C=C-N ring in plane deformation[52]. These are the peaks of PPy before
cycling of the electrochromic device. The cells were cycled for 50,000 cycles in
between the applied potentials of ±1500 mV, and FTIR of PPy was again measured.
It can be observed that the most prominent peak at 1680 cm-1, attributed to C=O,
indicates that the PPy in the cell was oxidised. This observation has been made in
earlier studies regarding over-oxidation of PPy and was ascribed to the formation of
the carbonyl group [59, 60]. The position of the infrared peaks in the thin polymer
film is blue shifted after cycling and a similar effect was observed by Schlenoff et al.
[61] which is due to rapid change in the refractive index in the region of an
absorption band coupled with the contribution of the refractive index to the
reflectivity of the sample.

The band at 1518 cm-1was due to N-H and C-N
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stretching[62]. The band at 925 cm-1can be assigned to the N-H bending vibration in
the –C=N-H group and C-H deformation vibration in the –CH=CH- group; a similar
result was observed at 960 cm-1 by Xie[63]. The band at 854 cm-1 and 775 cm-1can
be assigned to PPy ring deformation and alteration of PPy ring vibration
respectively[64]. All the band positionsthat deviate from the standard PPy bands
indicates that there was deformation in the PPy structure.

Figure 5-16 : FTIR spectra of PPy before and after cycling using ionic liquid as an
electrolyte.
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5.5.6 Long term stability and Impedance characterisation at low applied
potential

In the previous studies, when the applied potential was between ±1500 mV in the
PEDOT, PPy electrochromic device, the device showed degradation with regards to
the cycle life. It was also observed that one of the electrodes, i.e. PPy, was losing its
activity as confirmed by FTIR and Raman spectroscopy and. as a result.therewas a
decrease in the performance of the device. As proven in the previous chapter, the
potential of ± 1500 mV in a three-electrode setup did not destabilise the device, as
was observed through the CV measurement of the individual electrodes in the device.
It would be interesting to know the performance of the device at ±1000 mV. The
reason to study the device performance at this potential was due to the stable or
unchanged value of charge transfer resistance and capacitance during cycling as
observed in the previous section (i.e. Impedance). On cycling the device between the
potentials of ±1000 mV, it was observed that the initial contrast of the device was
found to be 32% ± 2% and 29% ± 2% for the device containing ionic liquid and SPE
respectively, and was stable throughout the cycling period up to 50,000 cycles
(Figure 5-17). Indicating that it was the high potential of ±1500 mV that caused the
degradation of conducting polymer.
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Figure 5-17 : Long term cycling of PEDOT/PPy electrochromic device between the
applied potentials of ±1000 mV.

Similar studies were carried out for the device containing polymer electrolyte
(PEO:LITFSI(8:1):IL(25%)) and similar phenomena and results were observed as
that of ionic liquid. This indicates that it was the over-potential that was causing the
degradation of one side (PPy) of the device.

5.6

Conclusion

The degradative processes associated with cycling an electrochromic device (ECD)
with complementary polypyrrole (PPy) and poly(ethylendioxythiophene) (PEDOT)
electrodes produced by vapour phase deposition have been studied using a range of
spectroscopic and electrochemical techniques. Results show that it was possible to
fabricate a conducting polymer electrochromic device that had an initial photopic
contrast of 41% ± 2% when driven at a potential of ±1.5V. However, upon extended
cycling within this potential range the photopic performance of the device was noted
to deteriorate significantly. Electrochemical impedance and UV-vis spectroscopies
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were used to study ECD life cycle performance up to 50k cycles in order to elucidate
the loss of device performance.

Electrochemical impedance spectroscopy has shown that while able to demonstrate
at what point device degradation became apparent, it was unable to identify which
element of the electrochromic device failed. The EIS did however illustrate that the
loss of ECD performance was a result of the reduced ability of the combined
electrochromes to undergo charge transfer related redox switching. A strong
indicator of device degradation by EIS was the increase in the charge transfer
resistance component of the ECD, which tracks the decrease in device performance.
Interestingly, loss of the ability of the electrochromic layers to undergo doping and
dedoping under respective oxidative and reductive cycles remained uniform over the
device’s life and only exhibited irreversibility after 50,000 cycles.
At the same time, the device showed enhanced stability when the applied potential
was in the range of ± 1000 mV. Impedance studies revealed that a steady value of
charge transfer resistance was attained when the applied potential in the device was
±1000 mV; as compared with a steady increase when the applied potential was
±1500 mV. Furthermore, the Warburg resistance and Warburg diffusion thickness
also remained constant after 20K cycles at ±1000 mV. This indicates that lower
potentials are necessary for the enhancement of the stability of the device.

Raman and FTIR spectroscopy provided evidence that suggests that the decrease in
the contrast of the ECD was most likely due to over-oxidation of the polypyrrole
electrochrome. In contrast, the poly(ethylendioxythiophene) redox cyclability was
unaffected by the device switching range over 50,000 cycles. As a result of the PPy
electrode losing its redox functionality, it was no longer able to sufficiently balance
the charge and switch the PEDOT layer, as reflected by the EIS study, and therefore
resulted in a decrease in the overall performance of the device.
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These techniques when combined together provide clear evidence that the
degradation of the ECD was due to the electronic and chemical breakdown of the
PPy conducting polymer electrochrome in the investigated device. These findings
suggest that an inherently more stable device may be fabricated by replacing the less
stable PPy electrochrome with a material less susceptible to oxidative damage at the
device switching potentials investigated. Clearly a solution would be to reduce the
switching potentials to reduce the over-oxidation effect. However, this approach will
limit the device’s photopic contrast range and may simply delay the onset of the PPy
degradative processes.
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6 ELECTROCHROMIC DEVICE USING VARIOUS CATHODICALLY
COLOURING POLYMERS.

6.1

Introduction

Conducting or conjugated polymers have been found to be more promising as
electrochromic materials because of their faster switching speeds and easy
processing through their amenabilitytowards functionalisation, as compared to
inorganic materials. Electrochromic materials where the colour changes from a
highly opaque coloured state to highly transmissive bleached state are highly
desirable as potential candidates for application in display devices[1]. Of these
materials, poly(thiophenes) show excellent potential for use in electrochemical
devices due to their dramatic changes in the electromagnetic spectrum upon charge
injection (doping), with the parent polymer switching from red to blue upon
oxidation[2]. Derivitising the 3- and 4- positions of the thiophene ring with an
alkylenedioxy bridge lowers the band gap and the oxidation potential due to the two
electron donating oxygen atoms[3, 4]. Poly(3,4-ethylenedioxythiophene) (PEDOT)
has attracted lot of attention because of its high contrast, low oxidation switching
speeds between the neutral and doped state, being significantly more stable to air
exposure and elevated temperature conditions[5] as compared to polythiophene[6].
Reynolds and his co-workers have extensively studied the effect of ring size and ring
substitution on the electrochromic properties of polymers based on 3,4alkylenedioxythiophene[7]. They observed that the electrochromic contrast
improved on increasing the size of the ring and also on increasing the interchain
separation by the incorporation of a rigid/bulky side chain. Electrochromes such as
dimethyl

polypropylenedioxythiophene

(PProDOT-Me2)

and

dibutyl

polypropylenedioxythiophene (PProDOT-Bu2) have been reported to have optical
contrasts of 78% (at 578 nm) and 75% (at 564 nm) respectively[8]. Kumar and his
co-workers

continued

the

work

further

and

synthesised

dihexyl

polypropylenedioxythiophene (PProdot-Hx2) with an electrochromic contrast of 74%
at 627 nm and dibenzyl substituted polypropylenedioxythiophene (PProdot-Bz2) with
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an highest electrochromic contrast of 89% at 632 nm[1, 9]. A dual polymer
electrochromic device consisting of PEDOT as a cathodically colouring polymer and
Poly[3,6-bis(2-(3,4-ethylenedioxythiophene))-N-methylcarbazole]

(PBEDOT-

NCH3Cz) as an anodically colouring polymer gave an Δ%T of 45% at 620 nm[10].
Similar results were obtained in my work described in Chapter 4, where the
maximum contrast achieved was 44% for the electrochromic device made up of
PEDOT and PPy.
In the previous chapter Impedance, FTIR and Raman spectroscopy suggested that
there was decrease in contrast of PEDOT/PPy device at an applied potential of ±
1500 mV due to overoxidation of PPy. Reduced, but stable contrast for PEDOT/PPy
device was observed when the device was cycled between applied potential of ±
1000 mV and no PEDOT/PPy electrode degradation was observed.
Since the substituted PProDOT described above has an enhanced contrast as
compared with PEDOT (59%) as a single electrode, this chapter will report on the
study of the effect of substituting PEDOT with ProDOT as a cathodically colouring
polymer on the electrochromic properties of a dual polymer electrochromic device, at
an applied potential of ± 1500 mV and ± 1000 mV where PPy has been used as an
anodically colouring electrochrome.

6.2

6.2.1

Experimental procedure

Reagents and Materials

The monomers ProDOT-Me2[6] Figure 6-1a, ProDOT-Bu2[8] Figure 6-1b, ProDotBz2[9] Figure 6-1c were prepared according to methods described elsewhere and
were sourced by the Australian National Fabrication Facility (ANFF) material node.
Pyrrole monomer was purchased from Merck and was distilled prior to use.
Tetrabutylammonium perchlorate (TBAP) and Acetonitrile (ACN) were purchased from
Aldrich and used as received. Fe(III) P-toluene sulfonate in 1-Butanol (Baytron CB-

40) was purchased from Bayer.1-Butanol and block polymer PEG-PPG-PEG

Chapter 6

222

Mw:12000 were purchased from Sigma Aldrich. Ionic liquid 1-ethyl-3butylpyrrolidinium bis-(trifluoromethylsulfonyl)imide (P1,4TFSI) used as electrolyte
was purchased from Merck and purged with nitrogen and heated to 600C to remove
any traces of water present. ITO coated glass was purchased from Yie-dah and had a
surface resistivity of 15 ohm/sq.

R R
O

O
S

a. R = CH3, b. R = C4H9, c. R = benzyl
Figure 6-1 : Structure of dimethyl ProDOT (a), dibutyl ProDOT(b), dihexyl
ProDOT(c)

6.2.2 Polymer deposition and characterisation

PST-050 Potentiosat (Voltalab) was used to carry out oxidative electrochemical
polymerisation of 10mM monomer solution in 0.1M TBAP/ACN by repeated
scanning between the potentials of -1 V to + 1.3 V vs. Ag/Ag+ over 5 cycles using a
standard three electrode cell; where a Pt disk acted as the working electrode, a Pt
mesh as the counter electrode and Ag/Ag+ as the reference electrode.
In order to determine the electrochromic activity, polymer films were further obtained
on ITO of size 2.5 cm x 2.5 cm by constant potential oxidative polymerisation at
potentials slightly higher than the monomer oxidation onset potential, to ensure a slow
rate of electrochemical reaction in order to obtain uniform film deposition. Film
thicknesses were controlled by growing the film at different time intervals. The thickness
of the polymer film was measured using a profilometer Dektak-150. Polymer-coated
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electrodes were removed from the polymerisation medium and placed in monomer-free
electrolyte and further washed with ethanol.

The polymer film obtained on Pt button electrode was further characterised by cyclic
voltammetry in 0.1 M TBAP/ACN at scan rates of 10, 25, 50, 100 mV/s. using a
three electrode setup where the Pt disk acts as working electrode, Pt mesh as counter
electrode and Ag/Ag+ acts as an reference electrode.
The polymer films obtained on ITO by constant potential growth was further
analysed by measuring the contrast of the device at fixed wavelength using a
photodiode array Multispec-1501 from Shimadzu in a three electrode setup where
ITO acted as the working electrode, Pt mesh as a counter electrode and specially
designed Ag/AgCl wire in ionic liquid as reference electrode[11].

6.2.3 Device Construction & Characterisation

The polymer film with optimum thickness was used for the assembly of the
electrochromic device of 2.5 cm x 2.5 cm where electrochemically grown ProDOT
acted as a cathodically colouring polymer and PPy as an anodically colouring
polymer. Ionic liquid P1,4 TFSI was used as an electrolyte in the electrochromic
device. Photopic contrast of the device was measured by applying potentials of
±1500 mV and ±1000 mV for a period of 20 seconds and measuring the contrast
during those intervals using a Hunterlab ColourQuest XE. In order to investigate the
electrochromic switching properties, the device was switched between ±1500 mV
and ±1000 mV for a period of 10 seconds and the switching time of the device was
measured at a fixed wavelength using a photodiode array Multispec-1501 from
Shimazdu.
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Results and Discussion

6.3.1 Dimethyl ProDOT

6.3.1.1 Polymer deposition and characterisation on Pt disk electrode

Repeated potential scan electropolymerisation of dimethyl ProDOT on Pt disk
electrode in 0.1M TBAP/ACN is shown in Figure 6-2. CV growth is carried out in
order to find the oxidation potential at which the polymer can be grown. Initially the
potential is set at 0 V and is scanned anodically at a scan rate of 50 mV/s between the
potentials of -1 V to +1.3V vs. Ag/Ag+. Monomer onset oxidation potential (Eonset,m)
was observed at 0.95 V and peaks at 1.28 V. The current increases with increase in
number of cycles, indicating that the polymer was deposited on electrode. The CV

Current density [mA/cm²]

observed during the deposition was similar to that reported by Kumar et al. [5].
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Figure6-2 : Electropolymerisation of 10 mM dimethyl ProDOT at 50 mV/s in 0.1 M
TBAP/ACN on a Pt disk electrode.
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Following the repeated cyclic electropolymerisation for 5 cycles, the electrode was
washed with monomer free electrolyte and then cycled in TBAP/ACN at different
scan rates of 10, 25, 50, 100 mV/s to determine the electrochemical behaviour of the
polymer films. The linear dependence of peak current on the square root of scan rate
demonstrates that the electrochemical process was diffusion controlled Figure 6-3.

Figure 6-3 : Cyclic voltammogram of PProDOT Me2 in 0.1 M TBAP/ACN at a scan
rate of 10, 25, 50, and 100 mV/s. The polymer was grown for 5 cycles.

6.3.1.2 Optical properties and optimum film thickness of dimethyl PProDOT
on ITO coated glass electrode

For optical switching, polymer films were synthesized on ITO coated glass slides
(size 2.5 cm x 2.5 cm) using a constant potential oxidative polymerisation at +1.3 V
vs. Ag/Ag+ at different time intervals of 15, 20, 25, 30 seconds. Constant potential
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was preferred as compared with constant current, since the film grown at constant
potential was found to be more porous then the film which was grown at constant
current Figure 6-4 for the same amount of charge consumed. It was also further
observed that the film grown at constant current reported a contrast of 64% as
compared to 72% for the film grown at constant potential. The increased contrast is
due to the porous nature of the polymer film which affords better transfer of the
electrolyte in the polymer matrix resulting in better performance with regards to the
film grown at constant current.
A

B

Figure 6-4 : SEM images of dimethyl PProDOT grown at constant current (a) and
constant potential (b) for same amount of charge.

The films were washed with monomer free electrolyte, and further washed with
ethanol. The films thickness was determined by profilometry. The average thickness
of the films were found to be 192, 296, 365, 574 nm for the films grown at 15, 20,
25, 30 seconds respectively. Each of the polymer film with different thickness was
subjected to a potential step of -500 mV (reduced) and +500 mV (oxidised) in a three
electrode setup where polymer on ITO glass acted as the working electrode, Pt mesh
as counter electrode and specially designed Ag/AgCl wire in ionic liquid as reference
electrode[11]. Ionic liquid (P1,4 TFSI) was selected as an electrolyte as it was used
in the construction of the final electrochromic device. When the films were switched,
the percentage transmittance was monitored using a photodiode array at a fixed
wavelength of 578 nm; as maximum contrast can be found at this wavelength as
reported by Welsh et al. [6].The contrast of the film was the difference in
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transmittance between the oxidised and reduced state. The film switched from highly
transmissive dark blue in the doped state to dark purple in the neutral state. The
contrast of PProDOT-Me2 at different thicknesses is shown in Figure 6-5 and in
Table 6-1.

Figure 6-5 : Contrast at 578 nm of PProDOT-Me2 films of different thicknesseson
ITO coated glass electrodes; where the films were switched from fully neutral state (500 mV) to fully oxidised state (+500 mV) custom designed Ag/AgCl wire in ionic
liquid as reference electrode
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Table 6-1 : Contrast of PProDOT-Me2 films (in Ionic liquid) grown for different
periods of time.

Time (s)

Thickness

%T (Bleach)

%T (Dark)

ΔT %

(nm)
15 sec

192 nm

90% ± 2%

25% ± 2%

65% ± 2%

20 sec

296 nm

85% ± 2%

15% ± 2%

70% ± 2%

25 sec

365 nm

83% ± 2%

11% ± 2%

72% ± 2%

30 sec

574 nm

80% ± 2%

10% ± 2%

70% ± 2%

It can be observed that maximum contrast was obtained with the film which was
grown for 25 seconds; with 83 % transmittance in the bleached state and 11 %
transmittance in the coloured state giving acontrast of 72% at 578 nm. The switching
time for the film with growth time of 25 seconds was found to be 2 seconds from
dark to bleach state and 1.0 second from bleach to dark state as shown in Figure 6-6.
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Figure 6-6 : Optical switching for PProDOT-Me2 for a ~365 nm thick film at applied
potentials of -0.5 and +0.5 V vs.custom designed Ag/AgCl wire in ionic liquid as
reference electrode with 10 second steps at 578 nm (λmax).

The switching time was slower than that reported by Welsh [6] and this may be due
to the electrolyte medium, which was ionic liquid where the diffusion of the ions
was slow resulting in an increase in switching time. When the electrolyte was
changed from ionic liquid to TBAP/ACN, the time for the polymer to switch from
dark state to bleached state was found to be 0.4 second and from bleached to dark
state was found to be 0.6 second; which is similar to the ones observed by Welsh.

6.3.1.3 Electrochromic device consisting of dimethyl PProDOT and
polypyrrole

An electrochromic device of 2.0 cm x 2.0 cm was constructed using VPP PPy as
anodically colouring polymer anddimethyl PProDOT as a cathodically colouring
polymer. Dimethyl PProDOT films with optimum contrast, that is those which were
grown for 25s (as shown in Table 6-1 ), were electrodeposited on ITO coated glass
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using a constant potential of +1.3 V vs. Ag/Ag+. The device was assembled and
back filled with ionic liquid. The photopic contrast of the device was measured
between the range of 400-700 nm in between the applied potentials of ±1000 mV or
±1500 mV, and found to be 42% ± 2% or 48% ± 2% respectively as shown in Figure
6-7.

Figure 6-7 : Transmittance spectra of PProDOT-Me2/PPy device in the visible range
400-700 nm between the applied potentials of ± 1000 mV and ± 1500 mV.

The photopic contrast of the device at ±1500 mV was found to be 47% ± 2%, which
is similar to that of a PEDOT/PPy device which is 45%. Interestingly it was observed
that the photopic contrast at ±1000 mV was 42% ± 2%, much higher than that of
PEDOT/PPy device which is 33%. The high optical contrast for the device at low
potential can be due firstly to the low oxidation potential and high conductivity as
compared to PEDOT, and secondly to the fact that the optical change was highest for
the dimethyl PProDOT; which was at 580 nm and this corresponds to the wavelength
where the human eye is very sensitive[12]. Switching time was measured by
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applying the potentials of ±1000 mV and measuring the time required by the device
to reach 90% of the optimal contrast at a fixed wavelength of 578 nm (Figure 6-8).

Figure 6-8 : Switching response of the PProDOT-Me2/PPy device between the
applied potentials of ± 1000 mV for periods of 10 s at 578 nm.

It was observed that the switching time for the device from bleached state was to
colour state was 0.5 second, and from colour to bleach state 0.6 second. The
switching time was found to be much faster than that of VPP PEDOT/PPy device,
which took 0.8 second from dark to bleach state and 1.8 second from bleach to dark
state. The reason for faster switching times can be attributed to the substituent in the
polymer leading to an open morphology that would allow faster ion movement,
which was often the rate-limiting process during redox switching[13].
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6.3.2 DiButyl ProDOT

6.3.2.1 Polymer deposition and characterisation on Pt disk electrode

Cyclic electropolymerisation of dibutyl ProDOT was carried out in 0.1M
TBAP/ACN on a Pt disk electrode. Initially the potential was set at 0 V and was
scanned anodically at a scan rate of 50 mV/s between the potentials of -0.6V and
+1.2V vs. Ag/Ag+. Monomer oxidation began at 0.91 V and peaks at 1.2 V (similar
to that of EDOT)[14]. Upon repeated scanning, there was a deposition of this
insoluble polymer on the disk electrode as shown in Figure 6-9.

Figure 6-9 : Electropolymerisation of 10 mM dibutyl ProDOT at 50 mV/s in 0.1 M
TBAP/ACN on a Pt disk electrode.
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The polymer obtained on the disk electrode after 5 cycles of growth was washed with
TBAP/ACN and further scanned at different scan rates of 10, 25, 50, and 100 mV/s
in TBAP/ACN, as shown in Figure 6-10, to determine the electrochemical behaviour
of the deposited polymer films. It was observed that there was a linear dependence of
current on scan rate, indicating that the polymer was electrode confined.

Figure 6-10 : Cyclic voltammograms of PProDOT Bu2 in 0.1 M TBAP/ACN at scan
rates of 10, 25, 50, and 100 mV/s. The polymer was grown for 5 cycles.

6.3.2.2 Optical properties and optimum film thickness of dibutyl PProDOT on
ITO coated glass electrode

To study the optimum contrast for the polymer, the polymer films were further
synthesised on ITO coated glass (size 2.5 cm x 2.5 cm) using a constant oxidative
potential slightly higher than the monomer oxidation potential at +1.3 V vs. Ag/Ag+
for periods of 10, 15, and 20 seconds. The films were washed with monomer free
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electrolyte and further washed with ethanol. The film thickness was measured by
profilometry and the average thickness of the film was found to be 210, 375, 555 nm
for the film grown at 10, 15, and 20 seconds respectively.
Each of the polymer films was further subjected to a potential step from +700 mV 700 mV in ionic liquid electrolyte in a three electrode setup where Pt mesh was used
as the counter electrode and custom designed Ag/AgCl wire in ionic liquid as
reference electrode. The contrast of the film was measured at a fixed wavelength λmax
(575 nm) where maximum absorption takes place. It was observed that the film
grown at 10 s gave a contrast of 59% while the film at 15 s and 20 s gave a contrast
of 63% and 60% respectively as shown in Figure 6-11 and Table 6-2.

Figure 6-11 : Contrast of PProDOT Bu2 film of different thicknesses on ITO coated
glass electrodes measuredat 575 nm where the films are switched from fully neutral
state (-700 mV) to fully oxidised state (+700 mV) vs.custom designed Ag/AgCl wire
in ionic liquid as reference electrode.
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Table 6-2 : Contrast of the PProDOT-Bu2 film in Ionic liquid grown for different
periods of time.

Time (s)

Thickness

%T (Bleach)

%T (Dark)

ΔT %

(nm)
10 sec

210 nm

71% ± 2%

12% ± 2%

59% ± 2%

15 sec

375 nm

65% ± 2%

2% ± 2%

63% ± 2%

20 sec

555 nm

61% ± 2%

2% ± 2%

60% ± 2%

The contrast obtained from the polymer film was significantly lower than that
reported in the literature i.e. 74%[8]. But when the film which was grown for 15 s
was cycled in TBAP/ACN between the applied potentials of ± 800 mV vs. Ag/Ag+,
the contrast of the film was found to be 71%, which was similar to that reported in
the literature (Figure 6-12). The increase in contrast can be due to easy access of ions
in acetonitrile as compared to ionic liquid. A similar effect was observed when
PEDOT film grown in ionic liquid showed greater electrochemical activity upon
cycling in an acetonitrile solution compared to an ionic liquid, suggesting better
swelling of the polymer and thus faster transport of ionic species into and out of the
polymer during cycling[15].
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Figure 6-12 : Optical switching for PProDOT-Bu2 for a ~375 nm thick film in
TBAP/ACN at applied potentials of -0.8 and +0.8 V vs. Ag/Ag+ with 10 second steps
at 575 nm (λmax).

The switching time of the polymer was measured in ionic liquid between the applied
potentials of +700 mV and -700 mV in a three electrode setup where, Pt mesh acted
as the counter electrode and custom designed Ag/AgCl wire in ionic liquid as
reference electrode[11]. The polymer switched to dark blue in colour when a
potential of -700 mV was applied, giving a transmittance of 2% in the dark state.
When the potential of the electrode was reversed to +700 mV, the film turned
transparent resulting in a transmittance of 65%. The time for the polymer to switch
from dark to bleach state was 1.9 seconds and from bleach to dark state was 1.0
second, similar to the results for dimethyl PProDOT.
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6.3.2.3 Electrochromic device consisting of dibutyl PProDOT and polypyrrole

An electrochromic device was constructed utilising VPP PPy as the anodically
colouring polymer and dibutyl PProDOT as the cathodically colouring polymer.
Dibutyl PProDOT films were grown on ITO coated glass at a potential of +1300 mV
vs. Ag/Ag+ for a period of 15 s. The device was assembled by utilising a 100 micron
spacer and back filled with ionic liquid. Testing of the device was done by applying
potentials of ±1000 mV and ±1500 mV between the electrodes for a period of 20
seconds and measuring the photopic contrast in between the 400 – 700 nm range
(Figure 6-13).

Figure 6-13 : Transmittance spectra of PProDOT-Bu2/PPy device in the visible
range 400-700 nm between the applied potentials of ± 1000 mV, and ± 1500 mV.

It was observed that the photopic contrast of the device when cycled between the
applied potentials of ±1000 mV was found to be 40% ± 2%, and it was 44% ± 2%
when cycled between ±1500 mV. At both potentials, the polymer switched from a
dark blue state to transparent yellow in colour (Figure 6-11). The photopic contrast
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was found to be in a similar range to that observed for dimethyl PProDOT. The
interesting feature was that the contrast was higher than that of the VPP PEDOT/PPy
electrochromic device which was 32% at applied potentials of ± 1000 mV. The time
for the device to switch from the dark state to bleached state was 0.7 s, and 1.3 s
(Figure 6-14) to switch from the bleached to dark state; which was similar to the VPP
PEDOT/PPy device.

Figure 6-14 : Switching response of PProDOT-Bu2/PPy device between the applied
potentials of ± 1000 mV for periods of 10 s at 575 nm.

6.3.3

Dibenzyl ProDOT

6.3.3.1 Polymer deposition and characterisation on Pt disk electrode

Dibenzyl substituted poly(3,4-propylenedioxythiophene) was selected as it had
exhibited the highest contrast in the ProDOT family of 89% at 632 nm. It would be
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interesting to see the effect on the device contrast when using dibenzyl ProDOT as
the cathodically colouring polymer.
Dibenzyl ProDOT was electrochemically polymerised on a Pt disk electrode using an
acetonitrile solution with 0.1 M tetrabutylammonium perchlorate (TBAP) and 10
mM monomer solution. Repeated cyclic electropolymerisation between -0.5 V and
1.3 V vs. Ag/Ag+ is shown in Figure 6-15.

Figure 6-15 : Electropolymerisation of 10 mM dibenzyl ProDOT in 0.1 M
TBAP/ACNat 50 mV/s on a Pt disk electrode.

The monomer onset oxidation potential was found to be +1.01 V and peaks at 1.3 V.
The current increased with the increase in the number of cycles, indicating that the
polymer was deposited on the electrode surface. The polymer oxidation potential
increased with the thickness, due to the polymer resistance.
The polymer film formed on the electrode after 5 cycles was rinsed with monomer
free electrolyte and cyclic voltammograms were further recorded at scan rates
ranging from 10 mV/s to 100 mV/s as shown in Figure 6-15. The peak current
increased with the increase in the scan rate and a linear relationship was observed;
indicating that the film was confined to the electrode and was electroactive. The
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redox processes are broad, and peak potentials for oxidation E(p,ox) and reduction
E(p,red) were observed at +102 mV and -19 mV at 100 mV/s. (Figure 6-16).

Figure 6-16 : Cyclic voltammograms of PProDOT-Bz2 in 0.1 M TBAP/ACN at a
scan rate of 10, 25, 50, and 100 mV/s. The polymer was grown for 5 cycles.

6.3.3.2 Optical properties and optimum film thickness of dibenzyl ProDOT on
ITO coated glass

Polymer films were further grown on ITO coated glass (2.5 cm x 2.5 cm) using
constant oxidative polymerisation at +1.3 V vs. Ag/Ag+ for different periods of time
of 15, 20, 25, and 30 seconds to find the optimal film thickness which gives optimum
contrast. The films were washed with monomer free electrolyte and further washed
with ethanol. The thicknesses of the films were found to be 95, 250, 375, and 500 nm
for the films grown for 10, 15, 20, and 25 s. The films were further characterised by
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photodiode array by measuring the contrast at a fixed wavelength (λmax) of 632 nm
where maximum absorption is observed[1].
The films were switched between the oxidised transparent, to reduced dark blue, by
applying the potentials of ±900 mV vs. custom designed Ag/AgCl wire in ionic
liquid as reference electrode [11]n a three electrode set up where Pt mesh was used
as the counter electrode. The film with optimal contrast (74%) was the one grown for
20 s (Figure 6-17 and Table 6-3). The switching time was calculated by applying the
potential of ±900 mV in ionic liquid. It was observed that the time taken by the
polymer to switch form the dark blue state to clear state was 0.8 s and from the clear
state to dark blue state was 0.7 s (Figure 6-18).

Figure 6-17 : Contrast of PProDOT Bz2 film of different thicknesseson ITO coated
glass electrode at 632 nm where the films were switched from fully neutral state (900 mV) to fully oxidised state (+900 mV) vs.custom designed Ag/AgCl wire in
ionic liquid as reference electrode.
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Table 6-3 : Contrast of the PProDOT-Bz2 film in Ionic liquid grown for different
periods of time.

Time (s)

Thickness

%T (Bleach)

%T (Dark)

ΔT %

(nm)
10 sec

95 nm

93% ± 2%

23% ± 2%

70% ± 2%

15sec

250 nm

87% ± 2%

15% ± 2%

72% ± 2%

20 sec

375 nm

82% ± 2%

8% ± 2%

74% ± 2%

25sec

500 nm

72% ± 2%

7% ± 2%

65% ± 2%

Figure 6-18 : Optical switching for PProDOT-Bz2 for a ~375 nm thick film in Ionic
liquid at applied potentials of -0.9 and +0.9 V with 10 second steps at 632 nm
(λmax)vs.custom designed Ag/AgCl wire in ionic liquid as reference electrode.
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6.3.3.3 Electrochromic Device consisting of dibenzyl PProDOT with
polypyrrole

An electrochromic device was constructed utilising dibenzyl PProDOT as the
cathodically colouring polymer which was synthesised on ITO coated glass slide
using a constant potential of +1300 mV vs. Ag/Ag+ as described above. Anodically
colouring polymer PPy was synthesised using VPP. The two pieces of ITO were
spaced apart using a 100 micron spacer and the device was backfilled with ionic
liquid as an electrolyte. Optical characterisation of the device was carried out using a
Hunterlab which measures the average photopic contrast of the device between 400
nm and 700 nm. A potential of +1000 mV was applied between the electrodes for a
period of 20 s and the measurements taken from 10 s to 20 s. It was observed that the
photopic contrast of the device was found to be 39% ± 2% when potentials of ±1000
mV were applied, and 44% ± 2%when potentials of ±1500 mV were applied (Figure
6-19).
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Figure 6-19 : Transmittance spectra of PProDOT-Bz2/PPy device in the visible range
400-700 nm between the applied potentials of ± 1000 mV, and ± 1500 mV.
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The photopic contrast was found to be almost similar to that of dibutyl and dimethyl
PProDOT. The switching time for the contrast of the device was measured by
applying potentials of ±1000 mV for periods of 10 s and using a photodiode array at
a fixed wavelength of 632 nm. The switching time of the device from dark state to
bleach state was 0.6 s and from bleach state to dark state was 4 s (Figure 6-20).

Figure 6-20 : Switching response of PProDOT-Bz2/PPy device between the applied
potentials of ± 1000 mV for periods of 10 s at 632 nm.

6.4

Summary of the performance of various devices.

Table 6-4 shows the performance of devices using various ProDOT polymers as the
cathodically colouring polymer and PPy as the anodically colouring polymer at
applied potentials of ± 1000 mV, and ± 1500 mV.
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Table 6-4 : Performance of various dual polymer electrochromic devices with
various cathodically colouring polymer in between the applied potentials of ± 1000
mV, and ± 1500 mV.

Cathode

Anode

Photopic contrast

Photopic contrast

at ±1000 mV

at ±1500 mV

PEDOT

PPy

34% ± 2%

45% ± 2%

Dimethyl PProDOT

PPy

42% ± 2%

47% ± 2%

Dibutyl PProDOT

PPy

40% ± 2%

44% ± 2%

Dibenzyl PProDOT

PPy

39% ± 2%

44% ± 2%

6.5

Conclusion

Various cathodically colouring polymers of PProDOT providing high contrast were
assembled with PPy as the anodically colouring polymer. It was observed that
PProDOT afforded equivalent contrast to that from PEDOT at low potentials of
±1000 mV. At high applied potentials of ±1500 mV, the contrast of all the devices
was found to be almost similar. This suggests that the contrast of the devices was
limited by the anode i.e. PPy. It was observed in Chapter 4 previously that, to prevent
device degradation during long term cycling, the operating potential of
electrochromic devices should be ± 1 V as PPy was found to be over-oxidised above
this potential. ProDOTs gave reasonably high contrasts as compared with PEDOT in
devices at an operating potential of ± 1V. The device assembled with PProDOT
reported above was polymerised through electrochemical polymerisation. A main
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drawback of the electrochemical polymerisation route is that it would be difficult to
form uniform layers on large surface areas due to limitation in the setup. Reynolds
and his co-workers have successfully polymerised dibutyl PProDOT chemically, but
the solubility of the polymer was found to be very low[8]. So it would be worth
trying if we could find another way like VPP that can be used for large areas, and to
study the effects on long term stability of the devices.
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7 VAPOUR PHASE POLYMERISATION OF DIBUTYL PRODOT AND IT’S
APPLICATION IN ELECTROCHROMIC DEVICES

7.1

Introduction

Over the past two decades, conjugated polymers prepared either by chemical or
electrochemical polymerisation have received significant attention due to their
unique electrochemical, and optical properties they display[1-3].
Conducting polymers are deposited on the substrate mainly through three different
approaches: electrochemical polymerisation, chemical polymerisation and vapour
phase polymerisation. Electrochemical synthesis offers several advantages, including
deposition speed, simplicity and the ability to generate the polymers directly on to
the electrode in doped or undoped states. Although electropolymerisation is a
valuable technique in synthesizing conjugated polymers, it has limitations including
lack of primary structure verification such as molecular weight and the inability to
form large amounts of processable polymer. Other limitations are that this method
cannot be applied to non-conducting substrates to add electronic functionalities[4],
and non-uniform deposition results on large surface areas.
Conducting polymers have also been processed through chemical oxidation to form
dispersions which can be solution processed by spray coating, spin coating or dip
coating. The main problems associated with solution processing of conjugated
polymers are that they are difficult to maintain in solution without the addition of
solubilising side chains or the use of polyelectrolytes that act as both solubilizers and
doping agent[5]. A variant to the chemical oxidation process has been reported that
involves mixing the oxidant and monomer together and spreading over the substrate
surface with a small amount of inhibitor[6]. Polymerisation is initiated by
evaporating the inhibitor. The main problem that arises from the adaptation of the
process is the difficulty in obtaining reproducible and homogenous films[4].
A method that potentially overcomes the above drawbacks is vapour phase
polymerisation (VPP). The VPP method was first described by Mohammadi et al.
[7], using FeCl3 or H2O2 as the oxidant for the polymerisation of polypyrrole films.
VPP has also been used for in-situ polymerisation of polypyrrole inside a number of
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different non-conducting polymers and rubbers, by exposing the host polymer,
blended with FeCl3, to pyrrole vapours[8]. However, the homogeneity reported for
the surface films made by this method has been inferior to the films made by solvent
processing. This was observed either in the topography of the film or in the
percolation behaviour of the conductivity as a function of thickness; where the
conductivity suddenly rises when the individual grains coalesce[9, 10]. Poor quality
of the VPP film has been observed due to the preference of the FeCl3 oxidant to
crystallize when the casting solvent evaporates, resulting in grain porous polymer
films. In order to overcome the problem of crystallites formation, Bjorn et al. [4]
have reported the use of organic sulfonates to obtain smooth and highly conducting
films of PEDOT and PPy via the VPP method.
If conducting polymer electrochromics are to be used in commercial applications,
parameters such as stability, rapid response time, percentage transmission, low power
requirement, high efficient colour change and ease of reproducibility in
manufacturing must be considered[11]. In its simplest configuration an
electrochromic device consists of four layers: a transparent electronic conductive
film which is usually indium doped tin oxide (ITO) on glass, a coating of
electrochromic (EC) material, an ion conductive layer, and another transparent
electronic conductive film on glass. This device constructed has a short life cycle
due to the lack of a second electroactive film on the counter electrode to balance the
redox process in the electrochromic layer, which leads to device degradation[12].
This problem can be resolved by constructing a dual polymer electrochromic device
in which an additional electroactive layer is added on the counter electrode in the
assembly to accommodate charge balance and the ion shuttling process. Dual
polymer electrochromic devices have been developed that consist of various
cathodically colouring polymers (polymers that are coloured in the reduced state and
bleached in the oxidised state) like PEDOT, ProDOT etc and their derivatives, and
anodically colouring polymers (polymers that are coloured in the oxidised state and
bleached in the reduced state) like PPy, ProDOP, Carbazole etc and their
derivatives[13-18].
A limitation of using PEDOT in an electrochromic device is the relatively high
switching voltage required to obtain full optical contrast. Such a voltage impacts on
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the long term cyclic durability of the device, and thus its ultimate usefulness. It has
been reported that the switching time and the contrast ratio can be enhanced by
increasing the size of the alkyenedioxy ring, and by increasing the number and size
of the substituents on the ring[19]. Different structural derivatives of PEDOT that
exhibit high optical contrast and fast electrochromic switching at lower potentials
have been electro-synthesized and chemically polymerised [13, 14].

Thus

derivatives of PEDOT are prime candidates for synthesis via VPP and incorporation
into devices. Until now the majority of the work has been done on dual polymer
electrochromic

devices

utilising

electrochemical

or

oxidative

chemical

polymerisation for the preparation of the electrodes.
Therefore, given the considerations above, this Chapter reports on work that
combines all the surveyed advantages to develop a practical electrochromic device.
We have constructed an electrochromic device by utilising one of the derivatives of
PEDOT, dibutyl 3,4-propylenedioxythiophene (ProDOT-Bu2), which acts as the
cathodically colouring polymer, and PPy as complementary anodically colouring
polymer through vapour phase polymerisation. It has been observed in Chapter 6 that
electrochromic devices assembled using PPy as the anodically colouring polymer
and PProDOT as the cathodically colouring polymer give similar contrast results
(between 39% - 42%) at applied potentials of ± 1V. The reason for choosing dibutyl
ProDOT in preference to other derivatives was due to its availability in liquid form
which could be vaporised as compared to others which are solids. By applying a
suitable bias between the two electrodes, ProDOT-Bu2 is oxidised and the colour
changes from dark purple to transmissive blue whilst simultaneously PPy is reduced
resulting in a colour change from dark grey to transmissive yellow.

Chapter 7

7.2

252

Experimental procedure and film preparation

7.2.1 Reagent and materials

ProDOT-Bu2 monomer was synthesized as per the method described elsewhere[14].
Fe(III) tosylate (40% solution in butanol, Baytron CB-40) was received from Bayer
AG. A mixture of CB 40 Fe(III) P-toulene sulfonate in 1-butanol was mixed with 60
% butanol, to reduce the viscosity of the oxidant. 5 % (w/v)

block polymer

poly(ethylene glycol – ran- propylene glycol) PEG-PPG-PEG was added to the
oxidant to reduce the formation of crystals in Fe(III) tosylate coatings[5]. Ionic
liquid 1-ethyl-3-butylpyrrolidinium bis-(trifluoromethlysulfonyl)imide(P1,4,TFSI)
was acquired from Merck and used as received.

7.2.2 Polymer film deposition

The modified Baytron oxidant was spin coated on ITO glass 3 cm x 3 cm at 1750
rpm for 15 sec using a spin coater obtained from Laurell technologies corporation,
(WS-400B-6NPP). The spin coated oxidant on the glass substrate was transferred to
a hot plate at 700C for 30 seconds to prevent crystallisation in the final oxidant
coating. During this time 1-butanol evaporated and an adherent pale yellow film was
formed. The substrate was then transferred to a polymerisation chamber (500 cm3)
containing ProDot-Bu2(1-2 mL) of monomer at room temperature.The schematic
diagram of the polymerisation chamber is shown in Figure7-1.
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open for the backfilling of the electrolyte. The device was backfilled with ionic
liquid 1-ethyl-3-butylpyrrolidinium bis-(trifluoromethlysulfonyl)imide (P1,4 TFSI).
The schematic diagram of the device is shown in Figure 7-2.

Figure 7-2 : Schematic diagram of the electrochromic device.

7.2.4 Polymer film and device characterisation

The surface morphology of the polymer film was characterised by SEM (JEOL-JSM7500 FA). Electrochemical characterisation was carried out using a Radiometer
Analytical Voltalab 50 (PST 050) in a three electrode setup consisting Ag/Ag+ as
reference, polymer film grown on ITO coated glass as working and Pt as a counter
electrode in a 0.1 M Tetrabutylammonium hexafluorophospate acetonitrile solution.
Spectroelectrochemistry was performed on VPP PProDOT-Bu2 in 0.1 M
Tetrabutylammonium perchlorate (TBAP)/acetonitirle (ACN) from 350 nm to 1100
nm using a spectrophotometer UV-1601 from Shimadzu. Raman spectra of the
polymer films were measured in-situ using a 632.8 nm HeNe laser on a Jobin-Yvon
HR800 with 300 grating which gave a spectral resolution of ± 1 cm-1. The switching
time and the optimal contrast of the polymer film were determined by using a
photodiode array from Shimadzu Multispec 1501.

The photopic contrast of the

device was characterised by use of a Hunterlab ColorQuest XE. The switching time
was determined by using the photodiode array at a fixed wavelength. Charge
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consumption of the device was measured using a potentiostat Voltalab PST-050 by
applying a potential of ±1000 mV for 10sec.

7.3

Results and Discussion

7.3.1 Surface morphology

The surface morphology of the VPP dibutyl ProDOT film was characterised by SEM
and compared with the electrochemically grown film. The SEM images of the VPP
PProDOT-Bu2and electrochemically polymerised film (after washing with ethanol)
which was prepared as per the procedure described in the previous chapter are shown
in Figure7-3. The electrochemically polymerised film was found to have a rough
surface compared to that of the VPP polymerised film. The porous nature of the
ProDOT-Bu2 film was likely due to the alkyl chains separating the conjugated
backbones from each other, leading to a significantly different structure[20]. It was
observed that the resulting polymer film obtained by VPP was quite smooth in
nature. The film was found to be quite homogenous, no cracks were found. The
thickness of the film was found to be in the range of 190 - 225 nm and was uniform
over the entire range but was dependent on the uniformity of the spin coated oxidant
layer. This demonstrates that VPP may be successfully used in larger scale
application as the film thickness and uniformity depends on the oxidant layer. This is
in contrast to the electrochemically polymerised film, where the film quality
depended on a number of factors such as the area of the counter electrode, the
distance between the working and counter electrodes, and the potential distribution
over the area of the working electrode. These variables are easily controlled at small
electrodes but are very difficult to control for large scale applications.
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B

Figure 7-3 : SEM images of PProDOT-Bu2 prepared by:
electropolymerisation.

(a)VPP, and (b)

7.3.2 Electrochemical Characterisation (Cyclic voltmmetry)

Cyclic voltammetry (CV) of the VPP deposited dibutyl PProDOT was performed at
different scan rates of 10, 25, 50, and 100 mV/sec between the potential range of ±
500 mV on ITO coated glass Figure 7-4 (A).
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Figure 7-4 : (A) CV of dibutyl PProdot at scan rates 10, 25, 50, and 100 mV/sec. in
the potential range of ± 500 mV, using Pt as a counter electrode and Ag/Ag+ as a
reference electrode . (B) Plot showing the dependence of peak current on the scan
rate.
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The polymer shows an anodic peak at 100mV and a cathodic peak at -60 mV at 50
mV/sec. The broad oxidation peak observed is in good agreement with previous
work on ProDOT electrochemistry when TBAP was utilised as the supporting
electrolyte [14, 21]. The broad nature of the peaks can be attributed to extended
conjugation of dibutyl PProDOT. A similar observation was made by DeLongchamp
et al. [22] for PEDOT. The lower switching potential required for ProDOT in
comparison to other conducting polymers used within electrochromic devices should,
in theory, reduce polymer degradation, thereby increasing device stability that
favours potential application of the material in electrochromic devices. The peak
current was observed to increase with increasing scan rate (Figure 7-4B), indicating
that the polymer film was electroactive and adherent to the electrode. The process
was not diffusion controlled and was quasi-reversible at high scan rates[23].

7.3.3 Spectroelectrochemistry

Spectroelectrochemistry was performed on an individual VPP PProDOT-Bu2
electrode in 0.1M tetrabutylammonium perchlorate (TBAP)/acetonitirle (ACN)
Figure7-5.
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Figure 7-5 : Spectroelectrochemistry of VPP PProDOT-Bu2 in 0.1m TBAP/ACN as a
function of applied potential vs. Ag/Ag+: (a) -500 mV, (b) -400 mV, (c) -300mV, (d)
–200 mV, (e) -100 mV, (f) 0 mV, (g) -100 mV, (h) +200 mV, (i) +300 mV, (j)
+400mV, (k) 500 mV.
A distinct colour change due to π - π* transition was noted at 675 nm, and the peak
splitted into two peaks at 579 and 624 nm when reduced. The splitting has been
attributed to vibronic coupling which suggests a high degree of regularity along the
polymer backbone[24]. These values areconsistent with the peaks which are found
in the literature[25], suggesting ProDOT-Bu2 was successfully deposited by VPP.
When reduced at -500 mV the polymer was dark blue in colour. On step wise
oxidation of the polymer, the π - π* transition decreases at 579 nm accompanied by
an increase in intensity of a band at 957 nm due to Π polaron transition, resulting in
a transparent polymer film within the visible region at a potential of +500mV. The
peak at 957 nm was at a maximum at the applied potential of 0 volt and subsequently
decreased upon the application of more anodic potentials.The polymer film had a
25% transmissionin the intermediate doping level at 0 mV vs. Ag/Ag+ and 78% at
the fully reduced state at -500 mV vs. Ag/Ag+; giving maximum ΔT of around 53%
at 957 nm. The stability of the charge carriers at the intermediate doping level was
important for producing highly saturated colours in the two different oxidation states,
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and a transparent polymer in the oxidised state. In the fully oxidized state, the
polymer had low absorption in the visible region of the spectrum and the film was
transparent to the eye.

7.3.3.1 Raman Spectroscopy

Raman spectroscopy is a very powerful technique applied to the study of structural
changes related to the presence of sulfonated substituents [26-28]. The Raman
spectra of VPP Prodot and its electrochemically polymerised form are shown in
Figure 7-6. The different modes of vibration observed have been assigned as C-H
bending between 1100 to 1700 cm-1, the C-C stretching modes between 1210 and
1300 cm-1 and the rings C=C quinoid stretching ca. 1500 cm-1[28-30].

Figure 7-6 : Raman spectra of electrochemically polymerised PProdot and VPP
dibutyl PProdot after washing with ethanol at a 785 nm Raman excitation
wavelength.
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This represents a typical Raman response from an inherently conducting polymer
like thiophenes[30-33]. From the UV-Vis spectra, the excitation line (λexc = 785 nm)
will show enhanced Raman lines associated with the doped species and the spectra
are typical of a conducting polymer in the oxidised state.
Most notably, are the Cα=Cβ(-H)symmetric stretching at 1524 cm-1 and C=C
symmetric stretching and Cα=Cβ(-O) symmetric stretching at 1413cm-1. These bands
were similar to those observed in poly(3,3’-dibutoxy-2-2’-bithiophene)[34]. The CCinter stretching at 1230 cm-1 is similar to those found in polythiophene by Shiet al.
[35]. C-O-C deformation is observed at

1088 cm-1 similar to those found in

PEDOT[34]. C-S-C deformation bands are observed at 716 cm-1 and C-S ring
stretching at 883 cm-1. CH3-C aliphatic is found in the range of 545 cm-1[36]. From
the above peaks assignments it can be concluded that the VPP Prodot and
electrochemical dibutyl PProdot have the features of typical conjugative
polythiophene.
Raman analysis of these conducting polymers utilising the 785 nm excitation line is
particularly suited for monitoring of the conductivity and relative doping levels of
the conducting polymers[37]. It has previously been shown that the Raman band at
1419 cm-1assigned to the symmetric stretching mode involving predominantly the
symmetric Cα=Cβ stretching coordinate, broadens and can shift with changes in the
doping level when a suitable excitation line, such as the 785 nm line, is used[34]. In
the present study, it is clear that the most intense peak at 1413 cm-1can be resolved
into at least three bands, with two of them (1413 and 1385 cm-1) being directly
related to relative doping levels and conductivities of the respective conducting
polymers. The degree of oxidation in the polymeric structure, related to the intensity
ratio of these bands, varies with the level of doping and hence conductivity. A lower
doping level results in the combined band being more dominated by the symmetric
Cα=Cβ stretching vibration due to the neutral state. The opposite results when the
doping level is higher. The relative doping level determined by the relative integrated
intensities of these two symmetric Cα=Cβ bands was 0.30 and 0.56 for the VPP
PProdot and the electrochemically deposited PProdot films, respectively. This result
indicates that the doping levels were much higher for the electrochemicallyProdot
films in comparison to the VPP grown films, and should therefore be more
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conducting. However the nature of the morphology of the EC film will make this
advantage less apparent.

7.3.4 Optimum contrast of VPP dibutyl PProDOT polymer film

To investigate the optimum optical performance of the VPP films, films of different
thicknesses were grown on ITO coated glass with different amounts of oxidant.
Oxidant with different coating speeds of 1200, 1750, and 2000 rpm gave films of
315, 200, and 125 nm thicknesses respectively. The optical contrast of the film was
measured at 579 nm by applying potentials of ± 800 mV vs. Ag/Ag+ in 0.1M
TBAP/ACN for periods of 10 s, and the results are shown in Figure 7-7 and Table 71.

Figure 7-7 : Optical performance of VPP dibutyl PProDOT films made at different
coating speed resulting in film of different thicknesses between the applied
potentials of +800 and -800 mV at 579 nm in TBAP/ACN as electrolyte and Ag/Ag+
as reference electrode.
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Table 7-1 : Contrast of the VPP PProDOT-Bu2 films produced for different coating
speeds of the oxidant .
Coating speed

Thickness

%T (Bleach)

%T (Dark)

ΔT %

(nm)
1200 rpm

315 nm

70% ± 2%

6% ± 2%

63% ± 2%

1750 rpm

200 nm

79% ± 2%

9% ± 2%

70% ± 2%

2000 rpm

125 nm

78% ± 2%

16% ± 2%

62% ± 2%

The contrast of the device was found to be 63% for the film which was 315 nm thick,
and 70% and 62% for the devices with 200 and 125 nm thicknesses respectively. The
film with 200 nm gave a transmittance of 9% in the dark state and 79% in the
bleached state. The switching time taken by the 200 nm film was 0.38 sec from dark
state to bleach state, and 2 sec from bleach state to dark state. The slow switching
time could be attributed firstly to the compact nature of the film which hinders the
ion movement in and out of the film, and secondly due to the low conductivity of the
polymer films. The electrochemically synthesized film has a reported contrast of
75% and switching time less than 1 second[14]. The VPP polymerised film has a
number of advantages with regards to film quality, processing of large areas etc.
Importantly VPP dibutyl PProdot shows a higher contrast of 70% as compared to that
of PEDOT (55%). The lower contrast of PEDOT is due to its planar configuration
and its high degree of crystallinity, as compared to dibutyl PProdot which hasa more
open morphology due to the propylenedioxy ring unit that is bent out of plane and
thus increasing the interchain distance[25].

7.3.5 Device performance of VPP dibutyl PProDOT and PPy

The testing of the device was carried out by switching the device between oxidised
and reduced states in between the potential range of ±1V to completely oxidise and
reduce both sides of the electrochromic device. Potentials of ± 1V were selected as it
was observed in Chapter 4 that higher potentials of ± 1.5 V led to decreased
performances on long term cycling because PPy was getting over-oxidised. It was
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observed that the device changed colour from dark blue to transparent in colour. The
photopic contrast of the device, that is the contrast in the entire range of the
spectrum, was found to be 43 % ± 2% (Fig 7-8). The photopic contrast was found to
be much higher than the PEDOT:PPy device which gave a photopic contrast of 35%
under identical testing conditions, but similar to that of the electrochemically
polymerised dibutyl ProDOT.

Figure 7-8 : Photopic contrast of the electrochromic device consisting of VPP
PProDOT-Bu2 and PPy in the potential range of ± 1V.
One of the important characteristics of the electrochromic device was the response
time needed to switch the device from transmissive to coloured state and vice versa.
To measure the switching time, the variation in the transmittance was measured at a
fixed wavelength of 579 nm of the dibutyl PProDOT film which gave maximum
contrast as shown in Figure 7-9. The time to switch the device from the dark state to
bleached state is 0.4 sec, and 2.2 sec to switch the device from the bleached state to
coloured state. The switching time of the device was comparatively faster than for
the solution processed PEDOT , PPy electrochromic device which was 4 sec.[38]
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Figure 7-9 : Switching time of PProDOT-Bu2, PPy electrochromic device in the
potential range of ± 1V at 579 nm.

7.3.6 Colouring Efficiency

Colouring efficiency is the key factor used for comparing electrochromic devices.
An ideal electrochromic device should have a large change in transmittance with a
small amount of charge consumption. Therefore the higher the colouring efficiency,
the better the electrochromic device is performing. Charge consumption of the
dibutyl PProDOT, PPy electrochromic device is shown in Figure 7-10. It was
observed that the resulting electrochromic device afforded a colouring efficiency of
790 cm2/C, which was much higher than those for PEDOT/PPy (360 cm2/C )[38],
PEDOT/PAni (302 cm2/C ), and VPP PEDOT/PPy (447 cm2/C ).
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and it is given by the relationship between the charge injected/ejected (Qd) as a
function of electrode area (A) at the change in optical density (ΔOD) at a specified
wavelength during the redox step of the electrochromic device[39].

=

.

Figure 7-10 : Charge and Current density as a function of time under a square wave
DC potential of ± 1000 mV at 10 seconds intervals for a PPy/PProDOT-Bu2
electrochromic device.

7.3.7 Long term stability

A long life time of the electrochromic device is an important factor that needs to be
considered for practical applications. In order to investigate the long term stability,
the device was cycled between the applied potentials of ±1 V with a 4 sec time
interval, and the contrast was measured at regular intervals as shown in Figure7-11.
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The device exhibited an initial photopic contrast of 42% ± 2% and remained stable
up to 2000 cycles. After 5000 cycles, it remained at 40% ± 2%of the contrast, only a
2% drop compared with the initial contrast. The decrease in the contrast may be due
to dimensional fluctuations during the ion transport processes[40]. Since the device
exhibited a reasonable contrast and high stability with less than 5% apparent
degradation, this kind of device has potential applications in electrochromic
windows, and mirrors. The dual polymer electrochromic device was able to operate
at low applied potentials and also demonstrated long term stability on cycling.

Figure 7-11 : Long term cycling stability of PProDOT-Bu2, PPy electrochromic
device in the potential range of ± 1 V.

7.4

Conclusion

VPP polymerisation has been successfully employed for dibutyl ProDOT which
resulted in smooth, uniform films which can be used in applications of large surface
areas. The VPP method employed would overcome inherent shortcomings of the
other synthesis methods like electropolymerisation and chemical polymerisation. An
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electrochromic device was made by utilizing dibutyl PProdot and PPy as a
cathodically colouring polymer and an anodically colouring polymer respectively.
This has resulted in a device with better contrast than a PEDOT, PPy device, and
with good long term switching characteristics resulting in a small degradation of less
than 5% after 5000 switches, suggesting a potential for applications in
electrochromic windows.
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8 SIMILAR ION EFFECTS IN CYCLING OF CONDUCTING POLYMER
BASED ELECTROCHROMIC DEVICE

8.1

Introduction

Electrochromic devices have attracted increasing attention inrecent years because of
the valuable energy saving functions that the technology can provide. For example
electrochromic“smart” glazing systems offer the possibility of optimizing the balance
of daylight input into large buildings, consistent with minimizing air conditioning
load, by active control of the glazing reflectivity. The devices require high photopic
contrast materials that can switch between states of coloration at the lowest possible
energy cost. High contrastelectrochromic materials based on conducting polymers
(CPs) such as poly(3,4-alkylenedioxythiophene), polypyrrole (PPy) and its
derivatives have thus recently attracted interest for electrochromic devices[1-4].
However, while these electrochromic materials give the desired optical
contrastinitially, the performance often decays when the device iscycled for
prolonged periods of time[5].
The high operating potentials used to achieve optimum optical contrast from the CP
leads to damage of the electrochromic films and the electrolyte and ultimately
decrease the device performance[6]. Therefore there is a need to lower the potential.
The overpotential needed to operate this type of devices is due to the mass transport
of the dopant ion from the electrolyte into the conducting polymer. This step can be
reduced by increasing the concentration of the dopant ion in the electrolyte so that
the mass transport can be reduced[7]. In Chapter 4 we had used electrolytes such as
(P1, 4 TFSI) which contain a different anion (TFSI-) as compared to the dopant
(Tosylate) used in the conducting polymer. The device gave a photopic contrast of
44% at potentials of ± 1.5 V and 32% at the potentials of ±1.0 V. It was also
observed that the device degraded when switched between the potentials of ± 1.5 V,
whereas the cycle life can be enhanced when run at low potentials of ± 1 V, but
consequently there is loss in the contrast.
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Efficient ion exchange is required in electrochromics as it can help increase photopic
contrast[8], switching speed[8] and maintain longer cycling stability. A few reports
have shown that the use of the same anion in the electrolyte as in the dopant of the
polymers helps to increase efficiency, switching speed and cycling stability of
electrochromics[9-11]. Inspired by this concept, we wanted to specifically design the
gel-IL electrolyte which contains the same anion to the polymer dopant. Ionic liquid
P1,4 Tosylate, which contains an anion similar to that of the dopant in the conducting
polymer, was made in-house in collaboration with ANFF, but these electrolytes
were found to be opaque, have high melting points, and have poor transport
properties, which limit its application in electrochromic devices[12, 13].
One of our collaborators from Monash University developed eutectic melt tosylate
based-IL

consisting

of

two

small

triethylmethylphosphoniumtosylate

phosphonium

tosylate

salts;

(P1,2,2,2Tos)

and

diethylisobutylethylphosphonium tosylate (P2,2,2,4Tos), which are both solids at room
temperature [7]. These were used by mixing in various ratios to search for a low
melting eutectic IL.
Eutectic melt IL is one approach to obtaining an ionic liquid which is liquid at room
temperature whilst maintaining high conductivity. Recently eutectic melt ILs have
been

used

in

Dye

Sensitised

Solar

Cells,

where

a

mixture

of

1,3-

dimethylimidazolium iodide (DMII),1-ethyl-3-methylimidazoliumiodide (EMII), and
1-ethyl-3-ethylimidazoliumtetracyanoborate (EMITCB) was used as an electrolyte,
and high efficiency performance was observed [14].
Gel-IL electrolyte is expected to help reduce the problem with continuous cell
sealing due to poor distribution of the electrolyte solution in large size
electrochromics, especially when it is positioned vertically[15]. We have
successfully demonstrated the used of gel polymer electrolytes in Chapter 4. There
are only a few gel-IL systems that have been implemented in electrochromics[9, 16],
and acrylates are frequently used as gel-matrices to accommodate the IL electrolyte.
Gel-IL systems have been developed with the aim of avoiding solvent leakage,
improve mechanical stability, slow dendrite growth and aid manufacturing of flexible
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devices, as well as absorbing the effects of volumetric changes of the conducting
polymer during cycling[17].
In this chapter we have developed a novel tosylate based room temperature IL
system, a gel form of that IL and conducting polymer electrochromics, and have
demonstrated enhanced performance as compared with the normal ionic liquid used,
i.e. P1,4 TFSI.

8.2

Experimental procedure

8.2.1 Materials and Reagents
Triethyl(methyl)

phosphonium

Tosylate

(P1,2,2,2

Tos)

Figure

8-1a

and

Diethyl(isobutyl)(ethyl) phosphonium Tosylate (P2,2,2,4 Tos) Figure 8-1b were
kindly provided by Cytec. 2- hydroxyethyl methacrylate (HEMA) was purchased
from Polysciences Inc. Tetra(ethylene glycol) diacrylate (TEGDA) and Ammonium
persulfate (APS) were purchased from Sigma Aldrich.

O

R1
P
R1

+

R2

O

-

S
O

R1

R3

(a) R1 = ethyl R2, R3 = methyl
(b) R1 = ethyl R2 = isobutyl R3 = methyl
Figure 8-1 : Structure of Triethyl(methyl) phosphonium Tosylate (P1,2,2,2 Tos) (a),
Diethyl(isobutyl)(ethyl) phosphonium Tosylate (P2,2,2,4 Tos) (b)
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8.2.2 Preparation of the electrolytes
Eutectic IL was prepared by mixing (P1,2,2,2 Tos:P2,2,2,4, Tos 1:2). The mixture
was heated at 800C for a period of 40-45 min when a transparent electrolyte was
obtained. For preparing gel polymer electrolyte, HEMA (5 wt% vs. eutectic IL),
TEGDA (9 mol % vs. HEMA) and APS (0.4 wt% vs. HEMA) was mixed and placed
in a water bath. The mixture was then heated at 800C for a period of 30 min when a
transparent gel was obtained.

8.2.3 Fabrication of the electrodes

The PEDOT and PPy electrodes were prepared according to the procedures described
in Chapter 4.

8.2.4 Fabrication of the device

Gel Tos IL without crosslinking and Tos IL were drop casted on PEDOT and PPy
obtained through VPP polymerisation and spaced apart using an 80-100 micron
spacer. The edges of the device were sealed and polymerisation of Gel Tos IL was
done in situ at 800C for a period of 30 minutes when the crosslinking of the polymer
occured. In the case of ionic liquid, the electrodes were placed apart using an 80-100
micron spacer and sealed with UV cure glue but a small vent was left open for the
backfilling of the ionic liquid.

8.2.5 Electrolytes and device characterisation

Conductivity and DSC of the electrolytes were determined as per the procedures
described in Chapter 2. Electrochemistry of the polymer films in the gel polymer
electrolyte was carried out using a Potentiostat PST-050 in a three-electrode setup
consisting a Ag wire as reference electrode whose potential was found to be +25 mV
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vs. Ag/AgCl, polymer film grown on ITO coated glass as working electrode and Pt
as a counter electrode. Photopic contrast of the device was carried out using an
Hunterlab ColourQuest CE. Switching time was measured by switching the device at
fixed wavelength and measuring the change in the contrast using a photodiode array,
Shimazdu multispec-1501.

8.3

Results and Discussions

8.3.1 DSC

DSC of the electrolytes was carried out between the temperature range of -1000C to
1000C as shown in Figure 8-2. The DSC results show that the two phosphonium
tosylate salts (P1,2,2,2 Tos ) and (P2,2,2,4 Tos) have melting points of 890C and
440C, respectively. The electrolytes appeared to be clear when they reach 950C.
Upon cooling, the tosylate electrolytes recrystallised indicating their unsuitability for
use of this mixture in an electrochromic device. When the salts were mixed in the
ratio of 1:1, a melting point was observed around 300C, and with an increase in the
ratio to 1:1.15 the melting endotherm decreased and completely disappeared when
the ratio was 1:2, indicating the presence of an eutectic melt IL that was amorphous
in nature. The small endotherm which was observed at 00C was difficult to analyse
for the eutectic IL in the ratios 1:2 and 1:3. Figure 8-1 shows the DSC of various IL
mixturesof various ratios of P1,2,2,2 to P2,2,2,4, indicating that 1:2 and 1:3 are
eutectic melts.
The eutectic melt IL were further gelled, as described in the experimental section, to
obtain soft transparent ionic gel. The DSC trace of the soft ionic gel also did not
show any melting point between -1000C to 1100C indicating that it was amorphous in
nature.
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Figure 8-2 : DSC of P1222 Tos, P2224 Tos, Gel Eutectic IL, P1222:P2224(1:2)

8.3.2 Conductivity

The conductivity of the tosylate based eutectic IL in ratio 1:2 and gel IL is shown in
Figure 8-3. It can be observed that the conductivity of the electrolytes increased with
increasing temperature. The conductivity of the eutectic based tosylate IL at room
temperature was found to be 1.12 x 10-4 S/cm as compared to the gel based IL which
was found to be 9.30 x 10-5 S/cm. The conductivity of the gel based IL was found to
be almost similar to that of the eutectic IL, indicating that gelling of the electrolyte
had a marginal influence on conductivity. The conductivity of the gel IL was found
to be much lower than that of the IL (P1, 4 TFSI) (2.2 x 10-3 S/cm) which is currently
used in electrochromic devices. But for applications such as smart windows and
electrochromic displays that do not require high conductivities, values in the order of
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are

suitable

for

these

types

of

applications[17].

Figure 8-3 : Conductivity of Eutectic melt TosIL (1:2) and gel TosIL at varying
temperatures.

8.3.3 Electrochemistry of polymer electrodes

To study the electrochemical behaviour of these gel electrolytes on conducting
polymers. VPP PEDOT and PPy electrodes were characterised in a three electrode
setup where PEDOT or PPy on ITO coated glass acted as a working electrode, Pt as a
counter electrode and Ag wire, whose potential was found to be +200 mV vs.
Ag/Ag+, acted as a reference electrode.
The electrode was scanned between the potentials of ± 1V for PEDOT and -800 mV
to +500 mV for PPy. PEDOT showed an oxidation peak at 0.05 volt and a reduction
peak at -0.690 volt (Figure 8-4), which are quite similar to the ones obtained in ionic
liquid in Chapter 4. PPy showed an oxidation peak at -0.05 volt and reduction peak at
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-0.455 volt (Figure 8-5), also similar to the ones in the ionic liquid in Chapter 4. The
peak currents in both cases varied directly with respect to scan rate, indicating that
the redox process was not diffusion controlled and that the polymer was immobilised
on the electrode[19].

Figure 8-4 : CV of PEDOT at different scan rates using the gel electrolyte and Ag
wire as reference.

Figure 8-5 : CV of PPy at different scan rates using the gel electrolyte and Ag wire
as reference.
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Spectra

of

(PEDOT/PPY)

electrochromic

device

containing gel Tos IL and Tos IL

As we know that the major requirements of an electrochromic device are that it
should have a high contrast and should rapidly switch from the oxidised state to the
reduced state, the transmittance spectra of the device were obtained by applying
potentials of ± 1000 mV for a period of 20 seconds whilst recording the spectra
simultaneously. The measured photopic contrast using the gel Tos IL and Tos IL was
44% ± 2% at applied potentials of ± 1000 mV and 42% ± 2% at applied potentials of
± 1500 mV; as compared with using the ionic liquid (P1,4TFSI) where the measured
photopic contrast was found to be 32% at the potentiasl of ± 1000 mV and 42% at
the potentials of ± 1500 mV. The photopic contrast using the gel Tos IL and Tos IL
are 10-12% higher than using the ionic liquid (Figure 8-6). But there is negligible
effect on the contrast value between using the gel Tos IL and the eutectic Tos IL.
Enhancement in the photopic contrast at low potential can be explained as due to the
more efficient ion exchange in the case of tosylate based electrolyte material where
tosylate is the only anion present, as compared to TFSI in P1,4TFSI where the
exchange mismatch between TFSI- and Tos- is possible.
This type of effect was observed by Deepa et al. [8] in which the PPy film was
grown electrochemically in different solvents such as ionic liquids (EMITF,
EMIPFSI and lithium triflate in acetonitrile). Since PPy film was grown in different
media, all of the films contained different dopants. The film containing different
dopants was cycled in a single electrolyte i.e. ionic liquid EMITF and the contrast of
the film was recorded. It was observed that the film which was grown in EMITF and
cycled in EMITF gave the highest contrast of 39% as compared to the other film.
The possible reason for their explanation given by Deepa et al. [8] was the higher
degree of doping when the film was grown in EMITF as compared to the other
electrolytes and resulted in an increase in contrast. But the film which was grown in
lithium triflate in acetonitrile with increased doping level showed lower contrast of
23%, which was significantly less, compared to the film with the same doping level
grown in EMITF and cycled in EMITF; indicating that it was not the dopant but the
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electrolyte that was playing an important role in determining the contrast of the PPy
film.
It was also observed by Aasmundtveit et al. [20] that tosylate ions stayed fixed in the
material and no major reorganisation of polymer chains or tosylate ions occurs. The
reduction and oxidation of the polymer was balanced by smaller ions that can fit into
the existing crystalline lattice. In the case of ionic liquid P1,4 TFSI, the TFSI- anion
being distinctly different in shape and electronic properties compared to the tosylate
anion, may not be able to occupy the template structures and as a result ion transport
would be less sufficient. This indicates why tosylate based ionic liquid gave
enhanced contrast to as compared ionic liquid P1,4 TFSI.

Figure 8-6 : Photopic contrast of electrochromic devices containing Eutectic IL , Gel
IL or ionic liquid.
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8.3.5 Switching time for the contrast

An ideal electrochromic device should give rapid response when switched between
the two states. Our electrochromic device was switched from dark state to bleached
state with applied potentials of ±1 V for a period of 10 s and the time required to
reach 90% of the value was measured at 565 nm. It was observed that the time
required for the device to switch from the dark state to bleach state and vice versa
was 1.2 s and 1.7 s respectively for the gel polymer electrolyte, and 1.3 s and 2.0 s
for the eutectic IL (Figure 8-7). The results show that the devices using the Eutectic
IL and gel IL have almost similar switching times, indicating that crosslinking of the
electrolytes have a negligible effect on the switching properties of the device. The
observed switching times for the devices using the tosylate based electrolytes were
comparable with that when using ionic liquid; indicating the potential application of
the electrolytes in electrochromic devices.

Figure 8-7 : Switching times for the devices containing Eutectic IL or Gel Tos IL
between the applied potentials of ± 1000 mV at 565 nm
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8.3.6 Colouring Efficiency

The colouring efficiency of a 12.5 cm2 device was measured using the data obtained
from chronoabsorptometry and chronocoulometry. Colouring efficiency (η) provides
a good indication of understanding the characteristic of the electrochromic device.
Thee relationship between the injected/ejected charge as a function of electrode area
(Qd) is shown in Figure 8-8.
. The colouring efficiency of the PEDOT/PPy device with gel Tosylate as an
electrolyte was found to be 544 cm2/C which is similar to the one which was
observed when ionic liquid (P1,4 TFSI) was used as an electrolyte where the same
change in optical density was observed when the potentials of ± 1500 mV were
applied.

Figure 8-8 : Charge, time response of PEDOT/PPy device containing gel IL at
potentials of ± 1 V.
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8.3.7 Long term stability

The stability of the device was tested under multiple redox switches. The failure of
the device often limits the application of the electrochromic device in real life
applications. The reasons for device failure may be due to different electrochemical
windows which may lead to the degradation of one of the electrochromic polymers.
As we have observed in the previous chapter that the main cause of device
degradation is the high potential (±1500 mV) applied to the device in order to get
high optical contrast. In an ideal device the oxidation process at the anode should
coincide with the reduction at cathode and vice versa. This study was carried out by
applying the potentials of ± 1000 mV and measuring the photopic contrast of the
device at regular intervals. The photopic contrast of the device was initially 42% and
increased to 44%, which may be due to swelling of the CPs that facilitated improved
ion transport within the CPs, and then remained stable at 42% beyond 10,000 cycles
(Figure 8-9). The enhancement in the contrast at low potential along with the
decreased potential indicate the applicability of the tosylate based electrolytes in
replacing the TFSI based ionic liquid.

Figure 8-9 : Transmittance of the electrochromic device containing gel-IL with cycle
life.
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The cyclic voltammograms (CVs) of the electrochromic devices when scanned in the
potential range of ± 1V or ± 1.5V at a scan rate of 100 mV·s-1 in a two electrode
configuration are shown in Figure 8-9. A decrease in the oxidation current was
observed from 1,000 to 5,000 cycles for the device containing the gel-IL electrolyte,
which may be due to an increased flexibility in the CP (due to swelling with IL)
resulting in structural expansion which increased the resistance and in turn reduced
the peak current. This has been observed previously for other ILs and the changes
seem to stabilize after a certain number of cycles[21]. The CV scans for 5000 and
10,000 cycles overlay one another, indicating that the system was electrochemically
stable and reversible for long periods of cycling with no apparent side reactions. The
change in photopic contrast seems to reflect the changes in current for this device.
For the ionic liquid based device, the decrease in current from 1000th to 5000th to
10000th cycle is negligible, when cycled between ± 1V. In the case of the device
utilising ionic liquid, it was observed that the conducting polymer was not
completely reduced at the end points (-1V or +1V) as the current did not approach
zero at this potential (Figure 8-10). When the device was cycled at higher potentials
(-1.5V or +1.5V) the current approached zero at -1.5V (Figure 8-9) and when a result
the contrast was increased as compared to the device that was cycled between (-1V
to +1V) (Figure 8-6).
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Figure 8-10 : CVs of PEDOT/PPy electrochromic devices with gel-IL and IL
(P1,4TFSI) electrolyte at different cycling intervals at a scan rate of 100 mV·s-1.

8.4

Conclusion

Using a specially designed electrolyte which contained the same anion in the
electrolyte to that of the conducting polymer dopant, there was an enhancement in
the electrochromic properties of the polymer at low cycling potential. This may be
due to facile exchange of anion/dopant in the templated vapour phase
polymerisation. The enhancement in the contrast at low potential was necessary as
this would lead to an increase in the cycle life of the device as compared to the
device which was cycled at higher potential.
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CONCLUSIONS AND RECOMMENDATIONS

The work presented in this thesis has been aimed at the development of novel
polymer electrolytes and their use in the fabrication of electrochromic devices. The
devices were prepared using traditional electrochemical polymerisation and vapour
phase polymerisation. The fabricated devices consisted of various cathodically
colouring polymers such as PEDOT and ProDOT, and anodically colouring polymer
PPy. The devices consisted of novel polymer electrolytes made up of PEO
(polymer), LiTFSI/LiClO4 (salt), and ionic liquid/EC, PC (plasticiser).
In Chapter 3, polymer electrolytes of PEO (Mw: 2000, 10,000, 20,000) were
successfully made with two different types of salt; LiTFSI and LiClO4. Two different
types of plasticiser EC/PC and ionic liquid (P1,4TFSI) were incorporated into the
polymer electrolytes in amounts of 25% w/w. The addition of plasticiser resulted in
decrease in the viscosity of the polymer electrolytes. Polymer electrolytes with Mw
20,000, LiTFSI/LiClO4 as salt and 25% plasticiser were found to be the most
appropriate in terms of viscosity and conductivity ( 10-3 – 10-4 S/cm)in comparison
with ionic liquid (10-3 S/cm), suggesting their application in electrochromic devices
which makes these electrolytes novel.
Room temperature ionic salt (P1,2TFSI) was added to polymer electrolytes as a
plasticiser. Interestingly it was observed that there was an increase in conductivity
from 10-6 to 10-4 S/cm and decrease in viscosity; suggesting that P1,2TFSI was
effectively acting as a plasticiser.
Nanoparticles of TiO2, SiO2 were also incorporated into polymer electrolytes and
their effect on transparency; conductivity and viscosity was investigated. It was
observed that the addition of TiO2 resulted in opaque electrolytes; suggesting that
TiO2 nanoparticles cannot be used in electrochromic devices where transparency is
very important. SiO2 nanoparticles were added to ionic liquid (P1,4TFSI) and it was
observed that there was a slight increase in conductivity as compared to ionic liquid.
Addition of SiO2 nanoparticles to the polymer electrolyte resulted in a decrease in
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conductivity and increase in viscosity. Increased viscosity led to problems in back
filling of the device, suggesting a lack of feasibility of the usage of polymer
electrolytes in electrochromic devices.
In Chapter 4, conducting polymer electrodes using VPP of PEDOT and PPy were
successfully developed and characterised. These VPP electrodes were used in the
preparation of electrochromic devices where PEDOT acts as the cathodically
colouring polymer and PPy as the anodically colouring polymer. These polymer
electrodes were placed at a fixed distance apart using a spacer and backfilled with
electrolytes. Ionic liquid (P1,4TFSI) as well as polymer electrolytes made up of 20K
Mw PEO with two different salts, LiClO4 and LiTFSI in mole ratio 8:1, with 25%
plasticiser EC/PC, P1,4TSI)were used for the fabrication of this electrochromic
device. On application of potential of ± 1500 mV between the two electrodes, the
device switched from a transparent bleached state to a dark blue coloured state. The
photopic contrast of the device was found to be 43 – 47% at the operating potentials
of ± 1500 mV, and the switching speed of the electrochromic device consisting of
polymer electrolyte or ionic liquid were found to be quite comparable. The devices
were also found to be reasonably stable when cycled till 10,000 cycles.
An electrochromic device made through VPP of PEDOT/PPy was cycled between
the potentials of ±1500 mV and it was observed that there was a decrease in the
performance of the device with regards to cycle life. Different techniques such as
impedance spectroscopy, Raman, FTIR were used to characterise the device
performance with respect to cycle life, as discussed in Chapter 5. It was observed
that one of the electrodes was getting degraded (overoxidised) as a result of which
there was a decrease in the performance of the device. The reason for the degradation
was the high applied potentials of ±1500 mV used to operate the electrochromic
device. On decreasing the potentials between the electrodes to ±1000 mV, it was
observed that there was no significant degradation and the contrast remained (32%)
constant during cycling. The decrease in contrast value motivated us to find different
ways by which the contrast can be increased at low potential.
In order to increase the contrast of the electrochromic device, various cathodically
colouring polymers that gave higher contrasts than PEDOT were investigated
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(Chapter 6). It was reported in the literature that ProDOT derivatives gave high
contrast values at low potential. So different derivatives of ProDOT like dimethyl,
dibutyl, dibenzyl were investigated. These polymers were grown electrochemically
and it was observed that the contrast of the polymer when used as a single electrode
were quite high as compared to PEDOT. But when these polymers were coupled
with anodically colouring polymer PPy, it was observed that the contrast of the
device was between (45%-47%); similar to that of PEDOT/PPy at potentials of
±1500 mV.

These (ProDOT/PPy) devices when cycled between the applied

potentials of ± 1000 mV showed an increase in contrast (between 39%-42%) as
compared with the device made up of PEDOT/PPy (32%) at similar applied
potentials. As we had observed in Chapter 5, for the device to be stable on long term
cycling the applied potentials should be between ±1000 mV. This indicates the
suitability of using these ProDOT polymers in electrochromic devices for long term
stability. The main drawback of these polymers werethat they were polymerized
electrochemically; which is limited to smaller surface area devices. Thus for the
coating of larger surface areas, vapour phase polymerisation (VPP) was considered.
In Chapter 7, VPP of one of the monomer (dibutyl ProDOT) was carried out
successfully and the contrast of the device fabricated using VPP dibutyl
ProDOT/PPy was found to be 40%, similar to that of a device fabricated through
electrochemical polymerised dibutyl PProDOT/(VPP)PPy. The main advantage of
using VPP is that it can be used for uniform deposition on large surface areas and,
therefore, makes the process practicable for real life applications.
Special designing of electrolytes was carried out where the anion of the electrolytes
was chosen to be similar to the dopant in the conducting polymer. As tosylate was
used as dopant in VPP PEDOT and PPy, gel electrolytes consisting of tosylate as an
anion were prepared (Chapter 8). It was observed that the contrast of the
PEDOT/PPy device was found to be 42% at ±1000 mV, which is similar that
observed at ±1500 mV using ionic liquid/polymer electrolyte where TFSI- was used
as dopant. This suggests that the type of dopant in the conducting polymer and in the
electrolyte do play an important role in improving the contrast of the device.
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SUGGESTED FUTURE WORK

In this thesis the use of novel polymer electrolytes for application in particular to
electrochromics has been demonstrated. Crosslinked as well as non-crosslinked
electrolytes have been used for the fabrication of electrochromic devices.
Another part of the thesis was focussed on processing of the electrochromic device
for commercial application. We have demonstrated that vapour phase polymerisation
is an appropriate technique for deposition of conducting polymer and production of
the device. Other possible methods of deposition include processable dispersions of
conducting polymer. This will involve the use of more soluble conducting polymer
backbones, or the development of protocols to produce nano-dispersions in cases
wherein the material is not soluble in appropriate solvents. The viscosity and surface
tension of the nano-dispersion produced will be determined as a function of polymer
loading. These solution characteristics are critical in determining their suitability for
printing or spinning.
The other important aspect to consider is the fabrication process and modification of
the substrate type and the deposition techniques to be used for polymer deposition on
that substrate. A number of different substrates like ITO coated mylar and a range of
commercially available membranes can be possibly used. Membranes can be
rendered transparent by refractive index matching with ionic liquid electrolytes. This
provides an excellent platform on which to build flexible electrochromic devices.
Different deposition techniques like ink-jet and printing techniques (Dip-Pen) to
produce micro- to nano-dimension structures would be a new direction. The size of
these structures will improve electrochemical efficiencies (diffusion and charge
transport) known to occur at these dimensions. Electrochromic contrast will also be
enhanced at these dimensions by utilising the electromechanical switching properties
of conducting polymers. Micro-dimensional structures will swell or contract
depending on their oxidation (and colour) state. Lastly, but not least, laminating
electrochromic structures of two or more conducting polymers is worth investigating
in order to improve device colour and contrast range. Efficient connection to
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subsequent layers of conducting polymers can be achieved by interleaving layers
onto conducting platforms using printed electrical conducting pillars, or nano-wires
(ITO, carbon nanotubes, graphene etc.) deposited by electrospinning or dipcoating.

